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MERCURY’S GLOBAL TOPOGRAPHY FROM RADAR RANGING DATA. J. D. Anderson 1 , G. Schubert 2 , 
S. W. Asmar 1 , R. F. Jurgens 1 , E. L. Lau 1 , W. B. Moore 2 , M. A. Slade III 1 , and E. M. Standish Jr. 1 , 'Jet Propulsion 
Laboratory, California Institute of Technology, Pasadena, California 91109 E-mail: john.d.anderson@jpl.nasa.gov, 
department of Earth and Space Sciences, Institute of Geophysics and Planetary Physics, University of California, 
Los Angeles, California 90095-1567 E-mail: schubert@ucla.edu. 


Introduction: When Mercury’s radius is expanded 
in Legendre functions to the second degree and order, 
the systematic error in radar ranging data is reduced 
substantially [1]. Previously, data spanning an observ- 
ing interval from 1966 to 1990 were used to infer an 
equatorial ellipticity (a - b)/a = (540 ± 54) X 10‘ 6 and a 
center-of-figure minus center-of-mass offset of (640 ± 
78) m. The magnitude of this equatorial center of fig- 
ure offset implies an excess crustal thickness of 12 km 
or less, comparable to the Moon’s excess. By compar- 
ing the equatorial ellipticity with the Mariner 10 grav- 
ity field [2], and assuming Airy isostatic compensation, 
bounds on crustal thickness can be derived. Mercury’s 
crustal thickness is in the range from 100 to 300 km. 

New Results: The Mercury radar ranging ob- 

serving interval has been extended from 1966 to the 
present. In addition, improvements in data reduction 
techniques have resulted in a set of Mercury ranging 
data less affected by systematic error, in particular the 
biases introduced by local topographic variations. We 
use this new set of reduced ranging data to improve 
Mercury’s global topography and center-of-figure mi- 
nus center-of-mass offset. New results on crustal thick- 
ness are derived, and prospects for further improve- 
ment with Mercury Orbiter data are discussed. 

References: [1] Anderson, J. D. et al. (1996) 
Icarus , 124, 690-697. [2] Anderson, J. D. et al. (1987) 
Icarus, 71, 337-349. 



51? / //*// ' 

2 LP1 Contribution No. 1097 



APPLYING NUMERICAL DYNAMO MODELS TO MERCURY. J. M. Aurnou, Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, Washington DC 20015, USA, (Jona@dtm.ciw.edu), F. M. Al-Shamali, Department of Physics, 
University of Alberta, Edmonton AB, CANADA T6G 2J1. 


Introduction 

Measurements made during the Mariner 10 fly-bys de- 
tected that Mercury has an intrinsic magnetic field. It was 
inferred that the field is dominantly dipolar with an average 
equatorial field intensity of 0.003 gauss. This corresponds to 
a dipole moment or 5 x 10 12 Tm 3 [1], roughly 0.07% that 
of the Earth. In dynamo theory [2], the magnetic field in- 
tensity is often non-dimensionalized by the Elsasser number, 
A = oB 7 /2pQ, where <r is the electrical conductivity, B is 
the magnetic induction, p is the density and Q is the angular 
velocity of planetary rotation. The Elsasser number represents 
the ratio of the Lorentz forces produced by the magnetic field 
and the Coriolis forces due to planetary rotation. Estimates 
of A for most of the known planetary dynamos in our so- 
lar system are of order unity. For Mercury, we estimate that 
A ~ 5 x 10“ 4 using core parameter values [3] of <r ~ 10 6 mho 
B ~ 0.03 gauss, p ~ 7 x 10 3 kg/m 3 and Q — 2tt/ 58.6 
days. Clearly, this A estimate is far less than unity. This in- 
dicates that the Hermean field is weak, not only in absolute 
magnitude, but also dynamically, in that the Lorentz forces 
are far smaller than the Coriolis forces generated by planetary 
rotation. 

Two main explanations have been put forward to explain 
the weak magnetic field of Mercury. The first argues that 
the magnetic field measured by Mariner 10 is produced by 
global-scale remanent magnetization of Mercury’s crust [4]. 
In this theory, the presently observed field has been frozen into 
magnetic minerals contained in the crust. The remanent mag- 
netization was acquired when the crust cooled in the presence 
of an early dynamo field. This scenario is similar to those pro- 
posed to explain the strong magnetic anomalies detected in the 
southern hemisphere of Mars [5] . If this theory is correct, then 
Mercury’s magnetic field should remain fixed in time, with 
no detectable secular variation occurring over any timescale 
of measurement. In addition, strong short-wavelength crustal 
signals may also be detected, similar to the magnetic anomalies 
on Mars. 

The second possibility is that Mercury’s magnetic field 
is internally-generated by an active fluid dynamo within the 
planet’s large, iron-rich core [3,6,7]. The necessary (but not 
sufficient) conditions for the possible existence of a planetary 
dynamo require 1) a sufficiently large region of electrically- 
conducting fluid present within the planet, 2) an energy source 
to drive motions of the conducting fluid and 3) a planetary 
rotation rate that is strong enough to appropriately organize 
the net fluid motions. Thermal evolution models of Mercury 
show that the core can remain partially liquid depending on 
the amount of sulfur present [6, 8]. For non-zero values of 
the core sulfur content, the melting point of the core material 
will be strongly depressed such that a spherical shell of liquid 
core material may exist. Assuming that such a liquid layer 
exists, and is not exceedingly thin, thermochemical convection 


is likely to occur [3]. Experiments in liquid metals show that 
for even very weakly supercritical thermal convection, the fluid 
motions tend to be turbulent [9]. Thus, if there is sufficient 
energy such that convective motions exist in the core fluid 
layer, then those motions may be able to sustain dynamo action 
[10]. In addition, the rotation rate of Mercury is sufficiently 
rapid to organize the turbulent flow in all but the thinnest fluid 
layers. This claim is based on the findings of the present 
generation of geodynamo simulations [11] which are all run 
at numerical rotation rates far slower than that of Mercury. In 
these simulations, the flow field remains strongly controlled 
by rotation even for A ~ 10 [12]. 

Numerical Simulations 

In this study, we are carrying out a series of numerical 
simuladons of thermal convection in a rotating, 3D spherical 
shell of electrically-conducting, Boussinesq fluid. The region 
interior to the shell, i.e., the solid inner core, is given the same 
electrical conductivity as that of the shell fluid, while the re- 
gion exterior to the shell is electrically insulating. The goal of 
these calculations is to ascertain the likelihood of dynamo pro- 
cesses occurring within Mercury’s metallic core. Specifically, 
we focus on how dynamo generation is affected by varying the 
fluid layer aspect ratio r?, which is the ratio of the inner radius 
and outer radius of the fluid layer. We assume that core solid- 1 
ification in Mercury has proceeded from the center outwards 
as on Earth. Therefore, the aspect ratio denotes the ratio of the 
inner core boundary and core-mantle boundary, — r t jr 0 . In 
the simulations, the spherical boundaries are isothermal and 
co-rotate at angular velocity Q, The mechanical boundary con- 
ditions are non-slip. Gravity increases linearly with increasing 
shell r adius. 

The following equations are solved, subject to the condi- 
tions listed above. 


Ek(Du/Dt 

BB/dt 
DT/Dt 
V-(t i,B) 


V 2 ti) -f 2z x u + Vp 
RaEk/ Prg/g 0 T + 1/PmV x 8 x(5) 
V x u x B + 1/PmV 2 B (2) 

l/PrV 2 T (3) 

0 (4) 


where u is the velocity vector, z is a unit vector parallel 
to the rotation axis, p is the pressure perturbation, g is the 
gravity vector and g 0 is the value of gravity at r 0 , T is the 
temperature perturbation and B is the magnetic field vec- 
tor. The non-dimensional parameters are the Ekman number 
Ek = v/QD 2 , the Rayleigh number Ra = ag 0 ATD z / kv, 
the Prandtl number Pr = v/k and the magnetic Prandtl num- 
ber Pm = o/n- Here a is the thermal expansion coefficient, v 
is the kinematic viscosity, k is the thermal diffusivity, D = r 0 ~ 
r t is the shell thickness, and AT is the temperature difference 
across the shell. The Ekman number is the ratio of viscous 
to Coriolis forces. The Rayleigh number is the ratio of buoy- 
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Hermean Dynamo Modeling: J. M. Aumou & F. M. Al-Shamali 



Figure 1: Volumetric cutaway of the illustrative, r? = 0.75 
spherical shell test case. The inner core is not depicted in the 
images. The center of the shell is marked by the intersection of 
the three dashed lines and the rotation axis is denoted by the ft 
vector. The shell is sliced along three orthogonal planes: along 
0° and 90° longitude as well as through the equatorial plane, 
a) Temperature contours, b) Contours of radial velocity, c) 
Contours of the radial magnetic field. The color scale is such 
that maximum values are blue and minimum values are red. 

ancy versus viscous forces. Convection occurs for ifa-values 
greater than the critical value Rac ~ Rac(Ek, rf). The two 
Prandtl numbers define the physical properties of the fluid. 
Note that the Els asser number, A, is not listed here. Instead A 
is determined from the solution in the dynamo regime. 

The numerical technique is described in [ 1 3] under method 
CWG and in [11]. Within the fluid spherical shell region, 
Chebyshev polynomials are used in the radial direction and 
spherical harmonics are used in colatitude and longitude. Within 


the inner core, the relevant equations are solved on a second 
similar grid. 

Preliminary Results 

Figure 1 shows color contours of temperature, radial ve- 
locity and radial magnetic field from an qualitative and illus- 
trative test case that is presently being run. In this case, the 
grid contains 33 radial nodes in the fluid shell and 17 radial 
nodes in the inner core. There are 96 and 192 nodes in co- 
latitude and longitude, respectively, which allows the solution 
to be expanded in spherical harmonics up to degree and or- 
der 64. Four-fold longitudinal symmetry is imposed on the 
solution for increased computational efficiency. The param- 
eter values are Ra = 1.5 x 10 5 , Ek = 10~ 3 , Pr — 1, 
Pm — 5 and q — 0.75. This test case has been produced 
by restarting the simulation from the results of a case with all 
the same parameter values except the aspect ratio, which was 
0.35, corresponding to the geometry of the Earth's outer core. 
For q = 0.35, the magnetic field is well-organized and drifts 
steadily westward in time. For the q = 0.75 test case shown, 
the temperature contours in Figure la show that the convec- 
tion has an azimuthal wavenumber near to 24 and that most 
of the heat transfer is occurring within ±30° of the equatorial 
plane. The radial velocity contours in Figure lb show that the 
flow is columnar. The convection columns surround the inner 
core boundary and tend to be parallel to the rotation axis. The 
magnetic field in Figure 1 c is made up of small-scale structures 
that are not well-organized. The field intensity is much smaller 
than in the corresponding q = 0.35 case. The q = 0.75 test 
case is not yet equilibrated but appears to no longer be in the 
dynamo regime. These preliminary results suggest that the 
critical Rayleigh number for dynamo action strongly increases 
with fluid layer aspect ratio. 

References 
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Introduction: Remote sensing measurements at a 
variety of wavelengths indicate that the surface of Mer- 
cury must be low in iron and titanium, with FeO + Ti02 
<~6 wt.% [e.g., 1, 2, 3]. Earth-based reflectance spec- 
trometry has discovered portions of the lunar surface 
that are extremely low in FeO, <2-3 wt.%, and are be- 
lieved to be composed of pure anorthosite (>90% pla- 
gioclase) [4]. Global imaging from the Clementine 
mission, along with a method for the determination of 
FeO abundance from multispectral measurements [5] 
has led to the identification of large regions of the lunar 
farside that are low in FeO content. The present work 
extends a previous study [6] comparing spectra of 
Mercury to those of lunar anorthosites. The newly- 
identified mature areas of very low iron content on the 
Moon may be analogs for much of Mercury. 

Lunar Anorthosites: The lunar pure anorthosites 
discovered with Earth-based teles cope s (which are 
limited to examining the nearside) are optically imma- 
ture areas such as massifs, small craters, and crater 
central peaks. Such bright features contribute greater 
amounts of flux to the spectrometer, and yield informa- 
tion on the properties of the material least affected by 
space weathering. Pure anorthosites are often found in 
association with basin rings, and give important clues 
to lunar stratigraphy and crustal origin [7]. Figure 1 
shows two of the highest quality near-infrared (NIR) 
reflectance spectra of pure anorthosites. They show an 
increase in reflectance with increasing wavelength (red 
spectral slope), with no absorption features. Specifi- 
cally lacking is an absorption near 1 pm caused by fer- 
rous iron in mafic minerals or glasses. Lack of this 
absorption band indicates that iron-bearing pyroxenes 
or olivines must be present at levels below ~5%, and 
hence the locations for which the spectra were obtained 
are classified as pure anorthosite. Figure 1 also shows 
Clementine UWIS spectra for approximately the same 
locations as the telescopic NIR spectra. 

No Earth-based telescopic spectra of mature pure 
anorthosites exist. Disc-integrated spectra of Mercury 
are expected to be dominated by mature material be- 
cause fresh crater deposits make up only a small pro- 
portion of the surface area. In addition, the space envi- 
ronment at Mercury may be such as to promote greater 
rates and states of optical maturity [8]. Thus a better 
spectral analog for Mercury could be obtained if ma- 
ture lunar anorthosites can be identified. 


Searching for Mature Lunar A north osites . In order 
to locate areas of mature lunar anorthosite, we con- 
ducted a search using FeO and optical maturity 
(OMAT) maps constructed from l-km/pixel 
Clementine mosaics [9]. By simultaneously displaying 
the FeO and OMAT images, we sought areas with very 
low values in both images (low OMAT value=high 
degree of maturity), avoiding slopes that might produce 
erroneous values. Four candidate regions were located, 
each containing from ~1600 to 3800 pixels. The aver- 
age FeO of these areas, all of which are on the farside, 
ranged from 2.8 to 3.1 wt.%. Figure 2 shows the aver- 
age UWIS spectra of the areas, along with the two 
fresh anorthosites from Figure 1 for comparison. The 
mature anorthosite regions are darker and have steeper 
NIR slopes than the fresh anorthosites. 

Mercury: Figure 3 presents two of the best Earth- 
based reflectance spectra of Mercury, a two-beam 
spectrum from October 1974 and an IRCVF spectrum 
from April 21, 1976, plotted along with the four mature 
lunar anorthosite UWIS spectra. The mercurian and 
lunar spectra appear to be alike, with about the same 
spectral slope in the UV-VIS (~0.4-0.75 pm) and NIR 
(~0.75-1.0 pm) regions. This strengthens the case that 
the lunar mature anorthosites are a good spectral ana- 
log for Mercury. 

Additional Study: We plan to perform more quan- 
titative comparisons of the UV/VIS ratios and NIR 
spectral slopes of the mercurian and lunar spectra. 
Additional work with Clementine full spatial resolution 
(-100 m/pixel) FeO and OMAT maps may lead us to 
smaller deposits of material with even lower FeO than 
the average values in the four regions described above. 
Hapke [10] suggested that at least 3% FeO is required 
for optical maturation to occur, so it will be interesting 
to examine any regions with very low iron contents for 
information they can provide to aid our understanding 
of the space weathering process [11]. 

Acknowledgement: Thanks to F. Vilas and R. 
Clark for digital versions of the Mercury spectra. 
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Fig. 1 (above). NTR reflectance spectra of pure an- 
orthositic central peaks, with Clementine UWIS spec- 
tra (traingles, diamonds) of approximately the same 
area. All spectra have been scaled to 1 .0 at 0.75 pm. 



Fig. 3 (above). Spectra scaled to 1.0 at 0.75 pm. 
Solid line with error bars: Mercury IRCVF, 21 Apr 
1976. Squares: Mercury filter photometer Oct 1974. 
x: lunar mature anorthosite Clementine UWIS. 




Fig. 2 (above). Clementine UWIS spectra of pure 
anorthositic central peaks (triangles and diamonds, see 
Fig.l) and for four areas of lunar mature anorthosite 
(x). Top: absolute reflectance spectra. Bottom: spec- 
tra scaled to 1.0 at 0.75 pm to emphasize slope differ- 
ences. 
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ENA imaging at Mercury? Lessons from 
IMAGE/HENA. 

P. C:son Brandt, D. G. Mitchell 

Applied Physics Laboratory, Johns Hopkins University, Laurel, MD, USA 

S. Barabash 

Swedish Institute of Space Physics, Kiruna, Sweden 


Abstract. Due to the extremely dynamic nature of the Hermean magnetosphere 
there is a demand for global imaging techniques in a future mission to Mercury. 
Energetic neutral atom (ENA) imaging is a new technique that allows space plasma 
to be imaged. A few mission has utilized this technique at Earth and it has proven 
to be a powerful tool for space plasma diagnostics. There are plans to apply ENA 
imaging to investigate the Hermean magnetosphere. Questions have been raised 
what ENA imaging really can measure at Mercury and simulations have been trying 
to partly answer those questions. In this presentation we will present ENA images 
from the Terrestrial magnetosphere and explore what lessons can be given when 
applied to the Hermean magnetosphere. 
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REFLECTANCE SPECTRA OF AUBRITES, SULFIDES, AND E ASTEROIDS: POSSIBLE 

IMPLICATIONS FOR MERCURY. T. H. Burbine 1 , T. J. McCoy 1 , and E. A. Cloutis 2 , 'Department of Mineral 
Sciences, National Museum of Natural History, Smithsonian Institution, Washington, DC 20560-0119, USA (bur- 
bine.tom@nmnh.si.edu), department of Geography, University of Winnipeg, 515 Portage Avenue, Winnipeg, MB, 
Canada R3B 2E9. 


Introduction: One of the science objectives of the 
proposed missions to Mercury is to determine its sur- 
face composition. Telescopic observations of Mercury 
from Earth are extremely difficult due to Mercury’s 
proximity to the Sun. Previous spectral measurements 
(Figure 1) [1,2,3] show a weak feature centered at -0.9 
pm; however, it is not entirely certain [3] if this feature 
is due to Fe 2+ in the silicates or due to the incomplete 
removal of an atmospheric water feature in the spectra. 
Many researchers [1,2,3] have noted the spectral simi- 
larity in shape and slope of Mercury to the lunar high- 
lands. Analyses of the ‘*besf ’ telescopic spectra have 
led to estimates [2,4] of FeO contents of Mercury’s 
surface to be between 3-6 wt.%, assuming Mercury has 
a surface composition similar to lunar anorthosites. 

However, it has also been postulated that Mercury’s 
crust contains lower amounts of FeO [5,6]. One possi- 
bility is that it has a surface composed predominately 
of enstatite (a Mg-rich pyroxene) [5]. Enstatite found 
in meteorites has a featureless spectrum due to the al- 
most complete absence of iron in the silicates. Mer- 
cury’s location at 0.4 AU may be consistent with its 
formation out of highly reduced material, possibly 
similar to the enstatite chondrites, which then experi- 
enced significant degrees of melting. These meteorites 
contain minerals (primarily enstatite) that condense out 
of the solar nebula at relatively high temperatures. 
Sulfur, volatilized from sulfides in Mercury’s crust, has 
been proposed [7] as a possible alternative to water ice 
as the cause of Mercury’s bright radar spots at its poles 
[ 8 ]. 

Our closest analog to Mercury’s composition could 
be the differentiated enstatite-rich meteorites called the 
aubrites and their proposed asteroidai parent bodies, 
the E asteroids. Aubrites are composed [9] of essen- 
tially iron-free enstatite plus minor accessory phases 
such as metallic iron and sulfides. Sulfides found in 
aubrites include troilite (FeS), oldhamite (CaS), ferro- 
magnesian alabandite ((Mn,Fe)S), and daubrdelite 
(FeCr 2 S 4 ). 

These questions on Mercury’s surface compositions 
should be answered by the MESSENGER and Bepi- 
Colombo missions. Both spacecrafts will obtain visible 
and near-infrared reflectance spectra and elemental 
ratios from X-ray and gamma-ray measurements of 
Mercury. Elemental ratios such as Al/Si, Ca/Si, Fe/Si, 
and Mg/Si can easily distinguish between a surface 


composition similar to the lunar highlands and one 
similar to the aubrites. 

If Mercury has an enstatite-rich surface, what 
would be its spectral properties? To investigate the 
spectral properties of an enstatite-rich surface, we have 
done a spectral survey of aubrites and their constituent 
minerals. We will focus on sulfur and sulfides, which 
have distinctive spectral characteristics. 

Spectra of Aubrites: The aubrites measured 

spectrally represent a wide variety of lithologies. Khor 
Temiki is a whitish-grayish rock containing fine- 
grained (1-3 mm) enstatite. Pena Blanca Spring is 
primarily a whitish, fine-grained rock containing a 
large (-10 cm) clast with -1 cm grayish enstatite. 
Mayo Belwa is very shock-darkened and contains en- 
statite clasts in a dark matrix. 

Spectra (particle sizes less than 125 pm) of Khor 
Temiki, Mayo Belwa, and Pena Blanca Spring are all 
relatively featureless with slight UV features. Both 
Khor Temiki and Pena Blanca Spring have slight fea- 
tures at -1.9 pm indicative of terrestrial weathering. 
Their visual albedos (reflectances at 0.55 pm) vary 
from 0.41 to 0.53. 

Spectra of Sulfur: Elemental sulfur [10] (Figure 1) 
is known to have a strong absorption feature in the 
visible wavelength region. The visual albedo of this 
sulfur spectrum is 0.78. For sulfur and sulfides, this 
absorption edge is due to transitions between a low- 
energy valence band and a high-energy conduction 
band [11]. This absorption feature would make sulfur 
deposits on Mercury very spectrally distinctive. 

Spectra of Sulfides: Troilite is the most abundant 
sulfide found in aubrites; however, it composes only -1 
vol.% of most aubrites [9]. Samples of a synthetic 
troilite [12,13] have been found to have a feature cen- 
tered at ~0.5 pm; however, meteoritic troilite does not 
always have a sharp absorption feature. 

We have measured the spectra of sulfides found in 
two aubrites (Norton County and Pena Blanca Spring) 
and one LL5 chondrite (Paragould). Norton County 
oldhamite (CaS) (Figure 1) has a deep absorption band 
centered at —0.49 pm plus a weaker feature centered at 
-0.95 pm. The band depth of this feature is -40%. In 
the visible, the oldhamite spectrum (normalized to 
unity at 0.55 pm) is extremely red and reaches a value 
of -2 at -0.9 pm. Its visual albedo is 0.17. A spec- 
trum of mixed sulfides from Pena Blanca Spring shows 
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a sharp absorption edge shortwards of -0.7 pm that is 
centered at -0.4 pm. Its visual albedo is 0.1 1. Troilite 
extracted from Paragould has an absorption feature 
shortwards of -0.8 pm that is centered at -0.4 pm. Its 
visual albedo is 0.05. 

E asteroids: One possible analog to Mercury’s 

surface may be the E asteroids. E asteroids have rela- 
tively featureless reflectance spectra and high visual 
albedos [>30%]. These spectral characteristics have 
been interpreted as indicating surfaces dominated by an 
essentially iron-free silicate. One possible meteoritic 
analog is the aubrites. The only known near-Earth E- 
asteroid (3103 Eger) has been postulated [14] as the 
source body for at least some of the aubrites. 

Recently, a feature centered at -0.5 pm with a 
strength that reaches -8% has been identified in the 
CCD (charge-coupled device) spectra (Figure 1) of a 
number of E asteroids [15,16]. One suggestion for the 
origin of this feature is a sulfide. The synthetic troilite 
and oldhamite have absorption features that match the 
position of the feature in the E asteroid spectra. 

Real and theoretical mixtures of enstatite and old- 
hamite were made in an attempt to duplicate the 
strength of this absorption feature in an enstatite -rich 
assemblage. However, a mixture (particle sizes less 
than 125 pm) of 95 wt.% enstatite from Pena Blanca 
Spring and 5% oldhamite only produced a -0.5 pm 
feature with a strength of -1 percent. Modeling (as- 
suming a checkerboard structure of enstatite and old- 
hamite) produces a feature with a strength of -8% us- 
ing -40% oldhamite. These oldhamite abundances are 
much higher than those found in aubrites where old- 
hamite constitutes much less than 1 vol.% [9]. Further 
work needs to be done in modeling the effects of very 
fine-grained sulfides with enstatite, which would pro- 
duce the -0.5 pm feature with lower abundances than 
those found in the checkerboard model. 

The -0.5 pm feature appears consistent with a sul- 
fide; however, the required abundances needed to pro- 
duce this feature are much higher than those found in 
aubrites. Further work needs to be done to understand 
the required abundances to produce this feature in the 
regolith of a planetary body. 

Conclusions: Sulfur and sulfides have distinctive 
absorption features in the visible wavelength region, 
while enstatite is virtually featureless. If Mercury has a 
highly reduced surface composition, these absorption 
bands due to sulfur and sulfides may be present in the 
spectral measurements obtained by MESSENGER and 
Bepi-Colombo 

References: [1] McCord T. B. and Adams J. B. 
(1972) Science , 178, 745-747. [2] McCord T. B. and 
Clark R. N. (1979) JGR , 84, 7664-7668. [3] Vilas F. 
(1988) in Mercury , 59-76. [4] Blewett D. T. et al. 


(1997) Icarus , 129 , 217-231. [5] Lucey P. G. and Bell 
J. F. (1989) Lunar Planet. Sci. , XX, 592-593. [6] 
Jeanloz R. et al. (1995) Science , 268, 1455-1457. [7] 
Sprague A. L. et al. (1995) Icarus , 118, 211-215. [8] 
Butler B. J. et al. (1993) JGR, 15003-15023. [9] Wat- 
ters T. R. and Prinz M. (1979) Proc. l(f h Lunar Planet. 
Sci. Conf. , 1073-1093. [10] Clark R. N. et al. (1993) 
U.S. Geological Survey Open File Report. [11] Fritsch 
E. and Rossman G. R. (1988) Gems & Gemology , 24, 
81-102. [12] Cloutis E. A. and Gaffey M. J. (1993) 
Earth, Moon, and Planets, 63, 227-243. [13] Burbine 
T. H. et al. (1998) BuU. UnTAstron. Soc ., 30, 1025- 
1026. [14] Gaffey M. J. et al. (1992) Icarus, 100, 95- 
109. [15] Bus S. J. (1999) Ph.D. Thesis, MIT. [16] 
Fomasier S. and Lazzarin M. (2001) Icarus 152, 127- 
133. 



Figure 1. All spectra are normalized to unity at -0.55 
pm and offset by 1.0 in reflectance from each other. 
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THE NATURE OF THE MERCURY POLAR RADAR FEATURES. B J. Butler, NRAO ( bbutler@nrao.edu ), M.A. Slade, JPL, 
D.O. Muhleman, Caltech. 


In 1991, two new radar techniques were used for the first 
time to probe the surface of Mercury, by two different groups 
[1-4]. The results were quite unexpected, and puzzling. In 
both experiments, the regions of the surface which had the 
highest radar albedo (were the best radar reflectors) were very 
near the north and south poles (see figures 1 and 2). These 
polar features also had the very unusual characteristic that 
more signal was received in the same circular polarization 
sense as had been transmitted, rather than the opposite sense. 
This is an unexpected occurrence (radar astronomers call it a 
"polarization inversion"), since single reflections of the radar 
will result in a polarization reversal, and so more signal is 
generally received in the opposite sense than that transmitted. 
This peculiar radar signature is generally only observed in 
regions on solar system bodies which are known to have some 
kind of ice present, like the large moons of Jupiter [5], the 
polar caps of Mars [6], and portions of glaciers and ice and 
snow fields in Greenland [7] and the Himalayas and Andes [8] 
on Earth. 
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From the initial Arecibo observations, it was clear that the 
feature near the south pole was related to the large (150 km 
diameter) crater Chao Meng-Fu. The feature near the north 
pole seemed to be composed of several smaller features, and 
was somewhat more confusing and harder to interpret with the 
initial data. Further experiments from Arecibo (after the power 
upgrade) produced extremely good, high resolution ( 1 .5-3 km) 
images of the north polar region [9]. Unfortunately, the south 
polar region has not been accessible to Arecibo since the up- 
grade, and so the images of that region are not quite so good 
(resolution only about 15 km), but are still quite spectacu- 
lar. Where these radar images could be compared to the pho- 
tographs from Mariner 10, it was immediately apparent (even 
from the lower resolution images) that the high albedo, polar- 
ization inversion regions were all located within the boundaries 
of craters. 

The currently favored explanation for these features is that 
they are caused by volatile deposits which collect in the per- 
manently shaded portions of polar craters. Note that "volatile" 
here has a very broad definition (many exotic volatiles may 
exist at the high temperatures in the mercurian equatorial re- 
gions!). How much volatile material would be needed to form 
the deposits? From the best Arecibo radar imagery, the to- 
tal areal coverage of the deposits is ~30-50 thousand km 2 
(roughly the size of the Netherlands). This is less than 0.07% 
of the total surface area of Mercury. The depth is somewhat 
harder to estimate, since it is linked to the detailed physics of 
the radar wave scattering in the deposits, but the best estimates 
are that it is between 5 and 10 m. This means that a total vol- 
ume of volatile material of order a few hundred km 3 is needed 
to create the deposits (somewhat less than the volume of Lake 
Erie). 


Figure 1. Polar stereographic projection of radar reflectiv- 
ity near the north pole of Mercury from Arecibo experiments 
(from Harmon et al 2000). Brighter regions are more reflec- 
tive, and are generally contained within craters. 



Figure 2. Goldstone/VLA radar image of the full facing hemi- 
sphere of Mercury (after Butler et al. 1993). Brigher regions 
are more reflective - the bright north pole reflection is apparent 
at the top of the image. 
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There must be 3 conditions which are met in order for 
volatile deposits to collect in the polar regions of Mercury: 1 
- there must be delivery of a sufficient quantity of the volatile 
materi al to the surface, 2 - that volatile material must be able 
to migrate to regions where it is stable (the polar craters) and a 
sufficient quantity of the volatile must survive that migration, 
and 3 - the environment in these locally stable locations must 
allow the condensed volatiles to remain stable for long periods 
of time (otherwise we must presume that we are looking at 
Mercury at a special time). It seems clear that the delivery 
and migration are not particular problems (at least for more 
common solar system volatiles) [10,11], but what about the 
stability? The survivability of volatile deposits is determined 
mostly by their temperature, since the dominant loss mecha- 
nism is through thermal evaporation (sublimation). 

How cold is it in the craters near the poles of Mercury? The 
temperature of interest is the maximum temperature through- 
out the extent of the entire mercurian day (176 Earth days). 
Accurate thermal models indicate that non-shaded polar re- 
gions reach temperatures near 175 K during the warmest part 
of the mercurian day [3]. However, in the permanently shaded 
portions of the floors of craters in the polar regions, temper- 
atures can be much colder. The exact maximum temperature 
is determined by the precise shape of each crater as well as 
its latitude, but typical maximum temperatures in the perma- 
nently shaded parts of the larger polar craters are less than 100 
K, and they can be as cold as 60 K [13]. 

With combined information on supply, migration, and sta- 
bility of a number of volatiles, as well as information on the 
observed deposits and estimated temperatures, it is possible 
to narrow down the possibilities of what the actual volatile 
material could be. The first consideration is that the observed 
deposits are only in the floors of craters, not in true polar 
"caps 11 . This means that volatiles which evaporate very slowly 
at temperatures above about 200 K are unlikely to be the major 
constituent of the deposits. For example, it would take a 1 
meter deposit of sulfur about a billion years to evaporate at a 
temperature of 225 K. This means that if the observed deposits 
were made up primarily of^sulfur, then polar "caps" should 
also be observed, which is not the case. The other "warm” 
volatiles are similar, i.e., they are just too stable to be the main 
ingredient of the deposits. On die other hand, volatiles which 
are not stable enough to last for long periods of time at tem- 
peratures above about 100 K are also unlikely to be the major 
constituent of the deposits. For example, a carbon dioxide ice 
deposit would have to be colder than about 60 K to last for a 
billion years. Other ices like ammonia and sulfur dioxide are 


similarly unstable. There are some regions in some mercurian 
craters for which the maximum temperature is this low, but 
the total areal size of these regions is very small. This means 
that there could be very small amounts of these more unstable 
ices in isolated regions, but they do not explain the majority 
of the observed radar features. Some ices have the right tem- 
perature characteristics to make them likely candidates for the 
majority of the deposits (i.e., they would not form "caps" at 
temperatures around 200 K, but are stable for long periods 
at temperatures around 100 K), but their supply is too small. 
Examples of such ices are HCOOH (formic acid) and CH30H 
(methanol). 

Water ice, however, has the right temperature characteris- 
tics to make it a likely candidate for the majority of the deposits, 
and is abundant enough that the required amount of material 
could be supplied. At a temperature of 150 K, it takes only 
about a thousand years to evaporate a 1 meter thick deposit of 
water ice. So, true polar "caps" would not last for very long, 
explaining their absence in the radar images. Lower the tem- 
perature to just 110 K, however, and that same 1 meter thick 
deposit of water ice will last for almost a billion years. De- 
tailed analysis has shown that about 10% of water molecules 
migrating around the surface will make it to the polar cold 
traps. Further analysis has shown that impacts of short period 
Mercury-crossing comets (either extinct or active) or larger 
meteorites could supply the required amount of water to the 
planet. 

Though this interpretation is compelling, it is certainly not 
conclusive. This is because there is currently no single piece of 
evidence which can be used to determine exactly what it is in 
the polar craters which causes the observed signal. There are, 
however, several measurements which could be made which 
would either determine directly what was the cause of the 
features, or at least provide valuable information which would 
help in that determination. Future spacecraft missions hold the 
most promise for delivering this information. Unfortunately, 
the two currently planned missions to Mercury (MESSENGER 
and BepiColombo) are not equipped with instruments which 
will answer this question unambiguously. 
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The MESSENGER Science Planning Tool. Teck H. Choo 1 , Scott L. Murchie 1 and Julia S. Jen 1 , ’The Johns Hop- 
kins University/ Applied Physics Laboratory, 11100 Johns Hopkins Road, Laurel, MD 20723-6099. 


The MErcury Surface, Space ENvironment, GEo- 
chemistry, and Ranging (MESSENGER) mission [1] 
will substantially improve the knowledge of the planet 
Mercury. Its seven science payload elements [2] in- 
clude scannable, dual wide- and narrow-angle cameras 
(WAC and NAG) for color and stereo imaging; a 
gamma-ray and neutron spectrometer; an X-ray spec- 
trometer; a magnetometer; a laser altimeter; a combined 
UV and visible-NIR spectrometer; an energetic particle 
and plasma spectrometer; and a radio science investi- 
gation. 

Key constraints on the acquisition of science data are: 
limitations on off-sun pointing of the spacecraft, re- 
quired to keep it shielded from solar illumination by a 
sunshade; the volumes of data that can be stored on 
either of the 8-Gb solid-state recorders and that can be 
downlinked daily; and the viewing and illumination 
conditions resulting from MESSENGER’S elliptical 
orbit. The goal of planning science data acquisition is to 
maximize the MESSENGER instruments’ coverage of 
the planet under favorable illumination conditions and 
at high spatial resolution, while keeping within space- 
craft pointing limits and not exceeding available data 
storage and downlink resources. The MESSENGER 
Science Planning Tool (SPT) has been developed to 
find the optimal solution to this problem in an auto- 
mated fashion, to minimize the cost and time required 
for observation planning and to respond efficiently to 
changes in the spacecraft’s predicted trajectory on-orbit. 

The Science Planning Tool consists of two major 
components, the Science Opportunities Visualizer 
(SOV) and Science Sequence Optimizer (SSO). The 
Visualizer provides graphical representations of flight 
geometry and viewing conditions. The Optimizer uses 
as its starting point the prioritized science objectives 
(expressed as rules for instrument pointing and opera- 
tion at different ranges to the surface and illumination 
conditions) and the spacecraft constraints (expressed as 
rules governing pointing, stored data volume, and re- 
quirements for downlink). Based on these rules and an 
input trajectory, the optimizer generates a hypermap of 
all possible observation times and conditions, and se- 
lects those with optimal values of user-definable data 
attributes (e.g., spatial resolution, illumination geome- 
try, etc.). An example is the goal of acquiring a global 
low emission-angle image mosaic at an average spatial 
resolution of 250 m/pixel or better. The ideal case 
would be to use NAC to obtain the highest possible 
resolution. However this is not practical because the 
resolutions attained would be as high as 20 m/pixel 
over much of the planet, and there is insufficient stor- 
age and bandwidth available for the resulting data vol- 
ume. Instead, the Optimizer chooses either WAC or 


NAC for any particular opportunity, to maximize reso- 
lution while obeying resource constraints. The opti- 
mizer’s outputs include both a time-series of instrument 
operations and pointing, and a description of the ac- 
quired data. For the example of the global map, the 
preliminary timeline of images over the first Mercurian 
solar day (352 orbits) is shown in Figure 1. For these 
observations (shown in map format in Figure 2), aver- 
age spatial resolution exceeds the 250 m/pixel target yet 
the time-series of images fits within downlink and data 
storage resources. 

The SOV (Figure 3) has a graphical user interface 
and can be used to find out the position and orientation 
of MESSENGER at any given time during the orbit 
phase and flybys. The SOV has two panels that provide 
3-D perspective of the spacecraft position and orienta- 
tion with respect to the Sun, Mercury, and Earth. In 
addition, it can be used to obtain MESSENGER’S 
ground track and instrument fields-of-view and foot- 
prints and the time profile of operational modes and 
pointing. All plots can be saved as Postscript output, 
and various information on MESSENGER’S trajectory 
and pointing can be saved as ASCII tables. Currently, 
the MESSENGER SOV is used primarily to facilitate 
visualization of observation opportunities. However, it 
can be used by anyone to quickly learn about MES- 
SENGER’S trajectory, observing modes, and pointing 
profile. In addition, it can also be used in the future to 
aid the analysis of returned data . 



Figure 1. Preliminary timeline of imaging required to 
obtain a global mosaic at an average resolution 250 
m/pixel or better during the first Mercurian solar day of 
the orbital mission (the first 352 orbits). 
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The MESSENGER Science Planning Tool: T. H. Choo and S. L. Murchie 
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Figure 2. Geographic coverage and spatial resolution of the imaging shown in Figure 1. The gap at the north pole is 
filled with separately targeted observations. 



e 3, MESSENGER Science Opportunities Visualizer 

References: [1] Solomon, S. C. et al. (2001) The MESSENGER mission to Mercury: Scientific objectives and im- 
plementation, Planet . Space Sci. Special Issue. [2] Gold, R. E. et al (2001) The MESSENGER mission to Mercury: 
Science payload, Planet . Space Sci. Special Issue. 
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A MULTI-COLOUR IMAGING SYSTEM FOR THE BEPI COLOMBO MERCURY LANDER. ^ 

L. Colangeli 1 , P. Palumbo 2 , C. Barbieri 3 , G. Bellucci 4 , A. Bini 5 , A. Blanco 6 , G. Cremonese 3 , V. Della Corte , S. 

Fonti 6 , E: Mazzotta Epifani 1 , G. Preti 5 , H. Yano 7 , S. Vergara 1 , ^sservatorio Astronomico di Capodimonte, Via 
Moiariello 16, 80131 Napoli - Italy, e-mail: colangeli@na.astro.it, 2 Univerita "Parthenope", Napoli - Italy, 3 Osservatorio 
Astronomico di Padova, Padova - Italy, 4 IFSI - CNR, Rome, Italy, 5 AIenia Difesa - Officine Galileo, Campi Bisenzio 
- Italy, ^University of Lecce, Lecce - Italy, 7 Planetary Science Division, ISAS, Kanagawa, - JAPAN 


The ESA "Bepi Colombo" space mission to Mercury 
includes a lander system for the study of planet surface 
characteristics. Surface-based geology and mineralogy 
measurements are needed to expand and complement 
remote sensing observations. In the complement of the 
lander payload, cameras are required to provide (multi- 
colour) images of the landing site during and after de- 
scent. 

The study of Mercury surface morphology and compo- 
sition is particularly relevant in the context of the Solar 
System exploration due to the heavy evolu- 
tion/processing of this planet. However, available in- 
formation is rather poor and in situ multi-spectral im- 
aging investigation of the local environment will pro- 
vide essential clues to the understanding of Mercury 
present state and past evolution. 

In this work we present a preliminary study of a 
multi-spectral imaging system, potentially candidate 
for the lander camera. Technical details must be de- 
fined considering the stringent requirements imposed 
by the mission profile, harsh environment and foreseen 
limited resources. Therefore, selected technologies are 
aimed at a miniaturised system. 
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DIGITAL ELEVATION MODEL MOSAIC OF MERCURY. A. C. Cook 1 , T. R. Watters 1 and M. S. Robinson 2 , 
! Center for Earth and Planetary Studies (CEPS), National Air and Space Museum, Washington D.C. 20560-0315 
(Email: tcook@nasm.si.edu), Northwestern University, 1847 Sheridan Road, Locy Hall 309, Evanston, IL60208 
(Email: robinson@eros.earth.northwestem.edu). 


Introduction: At CEPS work has been underway since 
2000 to semi -automatically stereo match all Mariner 10 [1,2] 
stereo pairs [3,4]. The resulting matched image coordinates 
are converted into longitude, latitude, and height points and 
then combined to form a map projected Digital Elevation 
Model (DEM) mosaic of the planet's surface. Stereo images 
from Mariner 10 cover one quarter [5] of the planet's surface, 
mostly in the southern hemisphere. 

Method: The refined camera positions and orientations 
[6] of images from an improved image mosaic of Mercury 
were used initially to determine a revised list of stereo pairs 
according to a set of stereo criteria [5]. 



Figure 1 Gray-scale DEMs from five overlapping stereo 
pairs, varying in quality. 

To stereo match an image pair, 3-20 seed points have to 
be located manually between left and right images. This sets 
up an affine transform between the image pair for stereo 
matching. The matcher software, "Gotcha” [7] uses a patch- 
based correlation algorithm to find corresponding points 
between left and right images to sub-pixel accuracy. We 
match image pairs 12 times using correlation patch radii of 
between 1 and 12 pixels. Small patch sizes yield DEMs with 
high spatial resolution, but suffer increased topographic 
noise, especially in low textured areas (poor correlation). 


Large patch sizes suffer less from noise, but tend to blur 
spatial resolution. We are experimenting with different 
methods to combine different patch size results together to 
achieve best spatial resolution, and least topographic noise. 



Figure 2 Mosaic of Fig 1 DEMs (94-81W, 21-5S, black= - 
3.2km, white=+3.2km. The lower large crater is Sullivan 
(diameter 135 km) and above it lies a double ring crater. 

To convert stereo matcher pixel coordinates into longi- 
tude, latitude, and height (a Digital Terrain Model or DTM), 
the coordinates are passed through a stereo intersection cam- 
era model using previously determined camera positions and 
orientations, based upon a photogrammetric adjustment [6] 
of Mariner 10 images. The DTMs generated (Fig 1) must 
then be combined together to generate a map projected DEM 
mosaic (Fig 2). The DTMs have different height accuracies, 
and can contain localized topographic errors from badly de- 
tected image reseaux or stereo matcher errors due to image 
noise. Furthermore, errors in camera positions and orienta- 
tions may introduce slight vertical offsets and horizontal first 
order tilts. An iterative process is being used currently 
whereby a weighted average DEM (Fig 2) is generated from 
all DTMs, then each DTM tile is fitted to this to compensate 
for offset and first order tilt, then the process repeats a speci- 
fied number of times. The weighting scheme we use depends 
upon the average topographic noise present in the tile, and 
the photogrammetric error (skew) for each matched point. 

Results: Out of 2326 predicted stereo pairs [5], -1800 
have proved suitable for stereo matching. A total of 493 im- 
ages form these stereo pairs. Unsuitable stereo pairs include 
those with image data gaps and where the overlap is too 
small. As of 6/28/2001, 200 stereo pairs remain to be 
matched. An preliminary large area DEM mosaic was gener- 
ated in February 2000 and is shown in Fig 3. 
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Discussion: A unique set of DTM tiles has been pro- 
duced, each revealing the relative topography of different 
sections of one quarter of Mercury's surface. No other large 
area topographic dataset of Mercury is likely other than in- 
creased Earth-based radar altimetry around the equator [8], 
future radar interferometry [9], or until spacecraft revisit 
Mercury at the end of this decade [10,11]. Experiments are 
underway to refine our existing DEM mosaicking technique 
(Fig 3) so as to preserve both good quality height accuracy 
and spatial resolution DEMs, whilst using lower quality 
DEMs to fill in gaps. This dataset when completely mo- 
saicked and analyzed will be released to the planetary sci- 
ence community. Additional information can be found on: 
http://www.nasm.edu/ceps/research/cook/topomerc.html 

References: [1] Murray B. and Burgess E. (1977) Flight 
to Mercury , 162pp. [2] Dunne J. A. and Burgess E. (1978) 


The Voyage of Mariner 10 , NASA SP-424, 221 pp. [3] Da- 
vies M. E. et al (1978) Atlas of Mercury, NASA SP-423, 
127pp. [4] JPL (1976) MVM 73 stereo data package user 
guide. [5] Cook A. C. and Robinson M. S. (2000) JGR, 105 , 
9429-9443. [6] Robinson, M.S. et al. (1999) JGR, 104, 
30,847-30,852. [7] Day T. et al. (1992) Int. Arch. Photgrmm. 
Rem. Sens , 29(B4), 801-808. [8] Hannon et al. (1986) JGR, 
91, 385-401. [9] Slade et al. (2000) Spring AGU. [10] Solo- 
mon S. C. (2001) Planet. Space . Sci. On press). [11] ESA 
(1999) Colombo - the ESA Cornerstone , SCI(92)2. 

Acknowledgment: to University College London / La- 
ser-scan for the loan of the Gotcha stereo matcher by Tim 
Day, and to Geoff Franz for recent help in stereo matching 
the remaining Mariner 10 images. This research was funded 
by NASA PG&G grants NAG5-9076 and NAG5- 10291 



Figure 3 DEM mosaic generated in Feb 2001 from -700 stereo pairs (sinusoidal equal-area projection, 200W-0W, 90N- 
90S, black= -3.2km, white =+3.2km). The region on the extreme right suffers from poor quality stereo. When complete 
most of the left quadrant and equatorial region will be Oiled in. 
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MID-INFRARED SPECTRA OF MERCURY. B. Cooper 1 , A. E. Potter 2 , R.M. Killen 3 , and T.H. Morgan 4 , 
^ceaneering Space Systems, 16665 Space Center Blvd, Houston, TX 77058-2268, 2 National Solar Observatory, 
P.O. Box 26732, 950 N. Cherry Avenue, Tucson, AZ 85726-6732, apotter@noao.edu, 3 Southwest Research Insti- 
tute, P.0. Drawer 28510, 6220 Cuiebra Road, San Antonio, TX 78228-0510, 4 NASA HQ, 300 E Street SW, Wash- 
ington, DC 20546-0001. 


Introduction: Mid-infrared (8-13 pm) spectra of 

radiation emitted from the surface of solar system ob- 
jects can be interpreted in terms of surface composition 
[1]. However, the spectral features are weak, and re- 
quire exceptionally high signal-to-noise ratio spectra to 
detect them. Ground-based observations of spectra in 
this region are plagued by strong atmospheric absorp- 
tions from water and ozone. High-altitude balloon 
measurements that avoid atmospheric absorptions can 
be affected by contamination of the optics by dust. We 
have developed a technique to obtain mid-infrared 
spectra of Mercury that minimizes these problems [2]. 
The resulting spectra show evidence of transparency 
features that can be used to qualitatively characterize 
the surface composition. 

Observations and Data Analysis: We obtained 

8-13 pm spectra of the whole planet Mercury during 
daylight with the Fourier Transform spectrometer 
(FTS) on the main mirror of the McMath-Pierce Solar 
Telescope at the National Solar Observatory on Kitt 
Peak during six observing runs performed from 1987 to 
1998. The spectral resolution was 0.05 cm' 1 and spec- 
tral dispersion was 0.03 cm' 1 for most of the measure- 
ments. Our objective in working at as high a resolution 
as possible was to be able to see between the atmos- 
pheric absorption lines. We made the measurements in 
sets of three — Sun, Mercury and sky. We subtracted 
the sky spectrum from the Sun and Mercury spectra, 
and then divided the sky-subtracted Mercury spectrum 
by the sky-subtracted Sun spectrum to obtain a ratio 
spectrum that, in principle, had divided out all the at- 
mospheric absorptions and the instrument response. In 
practice, we found that water absorptions shortward of 
8 pm and ozone absorptions in the range 9.6 to 10.2 
pm could not be satisfactorily corrected, and our data 
in those regions were not useful. The Mercury-Sun 
ratio spectra were corrected for the spectral depend- 
ence of the solar brightness temperature and for the 
spectral dependence of the Mercury surface tempera- 
ture. The latter was calculated using a theoretical 
thermal model that treated the surface of Mercury as a 
sphere illuminated by sunlight. Examples of the raw 
Mercury, Sun and sky spectra are shown in Figure 1. 
These spectra show both atmospheric absorption fea- 
tures and the instrumental response function. 


Figure 1: Raw Spectral Data 
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Results: Figure 2 shows a fairly typical set of 
processed spectra from one day’s observation. These 
are spectra of Mercury from April 1 , 1997, offset verti- 
cally in increments of 0.1. Curves (a), (b), (c), and (d) 
represent consecutive observations on this date, proc- 
essed with a Mercury continuum removal based on our 
own smooth-surface model. The regions below about 
7.5 pm and between 9.6 and 10.2 pm are too noisy to 
be of use, because of atmospheric absorptions by water 
and ozone. 


Figure 2. Spectra of Mercury April 1 , 1997 



Wavelength, microns 
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We looked for three kinds of spectral features in the 
spectra: Christiansen peaks, reststrahlen bands, and 

transparency features. 

Christiansen features . Our spectra in the Christian- 
sen feature region (below 8 microns) do not provide 
any useful information because of water vapor absorp- 
tions.. 

Reststrahlen bands. Reststrahlen features are ex- 
pressed as peaks in reflectance spectra, and we would 
only expect to see troughs corresponding to them in 
our emission spectra if the signal were produced by 
crystalline rock rather than fine powder, in which case 
they would most likely in the 8-9.5 pm region for sili- 
cates. But there were no reproducible features found in 
this region in any of the spectra. 

Transparency features. Transparency features ap- 
pear in the spectra of powdered samples as shallow 
troughs in the region between reststrahlen bands, where 
the material is transparent enough to see radiation from 
deeper, cooler layers below the sunlit surface. Figure 2 
displays a reproducible shallow trough at around 12 
pm. It appears to be a transparency feature. This fea- 
ture represents a 1.3% to 1.8% reduction in emissivity 
in all the curves. We found similar reproducible fea- 
tures in most of the spectra, at wavelengths ranging 
from 12 pm to 12.5 pm. 


Comparison with lunar samples. Figure 3 shows a 
summary comparison of spectra from all the Mercury 
observations with laboratory emission spectra of lunar 
soils measured by Salisbury, et al. [3]. Solid arrows 
mark the Christiansen features in the lunar soils. There 
are no corresponding features clearly seen in the Mer- 
cury spectra. The transparency features in the lunar 
soils are marked by open arrows, as are also the puta- 
tive transparency features in the Mercury spectra. 



Wavelength, microns 
(Fequency, inverse centimeters) 

The legends A through F refer to different dates of 
observation, and the numbers refer to the lunar soil 
samples. 

Summary and Conclusions: We see strong indi- 
cations of transparency features in the Mercury spectra. 
A shallow trough occurs at 12 microns in spectra cen- 
tered at 80°, 256°, and 266° longitudes. A minimum 
occurs at 12.5 microns in the spectra centered at 15°, 
and a doublet minimum with a trough at 12.2 microns 
and a second at 12.4 to 12.6 microns at longitude 229°. 
These features indicate the presence of a fine powder 
on the Mercurian surface, and their low spectral con- 
trast suggests a significant percentage of glass or ag- 
glutinitic material. Based on the positions of the trans- 
parency features, we conclude that our spectra are in- 
dicative of intermediate, mafic and ultramafic rock 
types. Further specificity is not warranted by the data. 

References: [1] Salisbury, J. W., Hapke, B., and 
Eastes, J. W., (1987) J. Geophys. Res. 92 , 702-710. [2] 
Cooper, B., Potter, A. E., Killen, R. M., and Morgan, 
T. H. (2001) J. Geophys . Res. to be published. [3] 
Salisbury, J.W., Basu, A. and Fischer, E. M., (1997), 
Icarus , 130 , 125-139. 
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A WIDE ANGLE CAMERA FOR BEPI COLOMBO. G.Cremonese, V.Achilli, C.Barbieri, 
A.Caporali, M.T.Capria, L.Colangeli, G.Forlani, S.Foraasier, M.Lazzarin, F.Marzari, 
L.Marinangeli, G.Naletto, P.Palumbo, R.Ragazzoni, G.Salemi, S.Verani 


In the frame of the ESA Cornerstone Mission BepiColombo to planet 

Mercury, we are working on the concept for a Wide Angle Camera aiming to fulfill the main 
scientific goals set forth in the ESA document (ESA-SCI[2000]1) about surface morphology, 
mineralogy and exosphere. 

A primary requirement is the complete coverage of the surface with a resolution of about 50 m in 
all three coordinates. 

Relying on previous experience in advanced imaging systems, both in our Institutes and in 
consulting industries, novel technological solutions are investigated for optics, detectors and data 
acquisition and analysis. 

A conceptual design of the WAC will be presented. 
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X-RAY SCIENCE ON ESA’s BEPICOLOMBO MISSION TO MERCURY 

S. K. Dunkin 1 ’ 2 , M. Grande 1 , and B J. Kellett 1 P 

1 Space Science and Technology Department, Rutherford Appleton Laboratory, Chilton Didcot, 0X11 OQX, UK jP 

2 Department of Geological Sciences, University College London, London WC1E 6BT, UK (s.k.dunkm@rl.ac.uk) 


Introduction: Mercury has been visited only 
once by a spacecraft, with Mariner 10 completing 3 
flybys in 1974/5. It closeness to the Sun makes ground- 
based observations very difficult, and hence our 
knowledge of Mercury is extremely limited. This paper 
outlines the science drivers of an X-ray instrument (i.e. 
CIXS, [1]) to fly on a spacecraft such as ESA’s Bepi- 
Colombo mission. 

The Surface of Mercury: Only 45% of the 
surface of Mercury was imaged by Mariner 10, at only 
2 wavelengths, and only -1% with a resolution of bet- 
ter than 0.5km. Our knowledge of the surface of Mer- 
cury is therefore very limited, but what we do know 
tells us that any resemblance to the Moon is superficial. 
Mercury has a systematically higher albedo at visible 
wavelengths than comparable terrains on the Moon, but 
at UV wavelengths has a very much lower albedo, in- 
dicating that the surface composition is very different. 

Mercury can be split into a number of terrains. 
The cratered areas are analogous to the lunar high- 
lands and represent the oldest terrain on Mercury. Im- 
pact craters are a probe into the crust, and hence 
studying their features and ejecta may provide insight 
into different compositional layers beneath the surface. 
The highest albedo areas on Mercury are all associated 
with crater rays (fresh material ejected from impact 
craters) supporting the idea of different compositions 
and/or maturities being related to impact ejecta. 

There is controversy over the origin of the 
plains units on Mercury, which could either be of im- 
pact origin or of a volcanic nature. The intercrater 
plains are older than smooth plains, since they have a 
greater crater density, and cover the largest area of all 
the terrains imaged. They show evidence of all the 
phases of Mercury’s geological history except the very 
earliest, and hence are believed to be around 4 billion 
years of age [2]. They therefore represent one of the 
oldest materials still visible on the surface, and it is of 
great importance to determine their true nature. An X- 
ray spectrometer will be able to distinguish between a 
volcanic and impact origin as it is expected that abun- 
dances of A1 and Mg in particular would differ between 
the two (A1 would be richer in the impact ejecta, Mg 
richer in the volcanic rocks). Their wide extent over the 
whole of the imaged side of Mercury means that only a 
global survey of the planet can obtain a complete pic- 
ture of the nature of these deposits. The smooth plains 
are much younger and appear to be related to impact 
basins in the most part. Smooth plains are analogous to 


the lunar maria (dark lava plains) although with very 
important differences. They have a much higher visible 
albedo than the lunar maria and no areas of low albedo 
blue-colour material representative of the high-titanium 
mare basalts found on the Moon. However, the smooth 
plains appear to fill in craters, suggesting a flowing 
nature (i.e. volcanic deposition). This, along with their 
comparative youth relative to the basins they occupy, 
and some irregular depressions which suggest volcanic 
origin, all imply that volcanism has played an impor- 
tant part in Mercury’s past. There are suggestions that a 
highly differentiated magma may have produced more 
alkaline basalts (i.e. those rich in Na and K, [3]) an X- 
ray spectrometer such as CIXS is ideal to detect such 
elements. 

Spectra of Mercury have average spectral 
characteristics midway between Na-rich plagioclase 
(NaAlS^Os), and Ca-rich plagioclase (CaAl 2 Si 2 0 8 ) 
implying that Mercury may be more Na-rich than the 
lunar surface (which is mainly of the Ca-rich variety). 
An X-ray spectrometer with sufficiently high spectral 
resolution will be able to resolve the Na line from the 
neighbouring Mg line. In addition, by observing the X- 
ray albedo of the regolith at different phase angles, we 
will be able to probe the fine structure of the soil. This 
new technique [4] is being prototyped on DCIXS, an 
X-ray spectrometer due to fly on the SMART- 1 mis- 
sion to the Moon [5]. 

The Origin and Evolution of Mercury: 
There are a number of theories relating to the origin 
and evolution of Mercury, relating specifically to its 
high uncompressed density compared to the other ter- 
restrial planets. Each theory predicts different compo- 
sitions of the present day planet. 

1. Selective accretion: This theory predicts that Fe is 
enriched due to dynamical and mechanical accre- 
tion processes in the innermost part of the Solar 
System. In this model, the silicate portion of Mer- 
cury should contain around 3.6-4.5% alumina, 1% 
alkali oxides (Na 2 0 and K 2 0) and between 0.5 and 
6% FeO [6]. MgO is expected to vary between 32 
and 38wt% [7]. 

2. Post accretion vaporisation: proposes that the solar 
wind in the early phases of the Sun’s evolution va- 
porised most of the silicate portion of Mercury. In 
this scenario, there should be almost no alkali ox- 
ides present at all, with very little FeO and a high 
enrichment of refractory elements (CaO and 
A1 2 0 3 ) to the level of over 30wt%. MgO would 
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also be enriched, with an abundance of 30-40wt% 
[ 8 ]- 

3. Giant impact: a large, planet sized body impacted 
into Mercury, stripping it of most of its outer sili- 
cate crust and mantle. In this case the FeO content 
will be much the same as for the selective accre- 
tion scenario, but with a depletion in both alkali 
and refractory elements (0.01-0.1% and 0.1-1% 
respectively) (see [3]). 

An important point to note is that these abun- 
dances are bulk crust/mantle abundances and therefore 
only a global elemental dataset can fully address the 
question of which theory most accurately represents the 
present day composition of Mercury. Clearly, many of 
the important differences are to be seen in elements 
such as Al, Na, Ca, Fe, and also Mg and K, all of 
which can be observed with an X-ray spectrometer that 
covers the energy range 0.5-10keV and which has suf- 
ficiently high resolution to resolved such lines 
(~150ev). 

Magnetospheric science: Mariner 10 re- 

vealed the presence of a highly active magnetosphere 
around Mercury. The field observed is compatible with 
a strong dipole, although higher order terms and 
anomalies may be more important than for the Earth. 
Explaining the presence of this field is a highly com- 
plex question, which could hinge on establishing the 
concentrations of trace elements such as sulphur. While 
the overall picture of the magnetosphere may resemble 
that of the Earth, the end result of space weather effects 
on Mercury must be very different. Recently [10] has 
presented a model in which the magnetosphere is al- 
most entirely driven, with reconnection on a global 
scale occurring during periods when the interplanetary 
magnetic field is southward. [11] show images of Na 
emission in the exosphere, which are highly variable, 
and may be the footprints of such activity. 

Mariner 10 found clear signatures of behav- 
iour very reminiscent of terrestrial substorms. Bursts of 
electrons were observed with energies of several hun- 
dred keV [12]. The precipitating auroral electrons 
could result [13] in a total energy deposit, during an 
inferred duration of order ten seconds, of between 10 n 
J and 10 14 J. Such precipitation would be a copious 
source of X-rays [14,15]. At the Earth, the PIXIE X- 
ray imager recently launched on POLAR has produced 
[eg 16] the first global X-ray images of the aurora. In 
general, the bremsstrahlung spectrum has roughly the 
same spectrum as the incident electrons. An estimate 
for Mercury is an overall efficiency of 10' 4 [14], im- 
plying a peak average emission which is comparable to 
the coherent scatter of reflected solar X-rays, These 
two components will make up the main continuum in 


spectra observed at Mercury, on which will be super- 
imposed the fluorescent lines which we observe. Lo- 
calised peak emission could be significantly brighter, 
since our calculation for Mercury is based on average 
fluxes. Moreover, since all these estimates are based on 
a simple scaling of the terrestrial magnetosphere, the 
real situation may be very different. 

The interaction of electrons with the surface will also 
produce some line emission. The majority of the en- 
ergy of a 100 keV electron striking the surface goes 
into ionisation, and of order 2% ends up as fluores- 
cence. In the case of the Moon there have also been 
observations of X-rays produced by the high energy 
tail of the solar wind electron striking the surface [17], 
and energy stored in high charge states of minor ions 
will also be released. It is anticipated that in the case of 
the magnetopause being driven down to the surface of 
Mercury [9], these mechanisms would provide strong 
emission from the dayside, enabling CIXS to remote 
sense die global magnetospheric connectivity. 

Thus, in addition to quantitative surface analysis and 
mapping using the X-ray fluorescence technique, we 
will also be able to provide valuable insights into the 
magnetospheric precipitation. These comments of 
course directly imply that very efficient monitoring of 
the input solar spectrum is required in order to decon- 
volve the different effects. 

Summary: ESA’s BepiColombo mission and NASA’s 
Mercury Messenger mission will start to unravel many 
of the mysteries of Mercury. An X-ray spectrometer 
will provide a vital addition to the instrument comple- 
ment of both missions, addressing many of the most 
important issues reamining about this planet. 
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(2001 ) Planetary and Space Science, in press [6] Lewis J.S. 
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Slavin, (1988) in Mercury University of Arizona Press [13] 
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Dunkin S.K., Kellett B.J., (2001) Planetary and Space Sci- 
ence, in press [16] Anderson P. D. et al. (1998), Geophys. 
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Introduction: Many of the fundamental questions 
regarding the formation and evolution of Mercury can 
be addressed by measuring the global chemical compo- 
sition of its surface. For example, the FeO composi- 
tion of the Mercury surface can reveal information 
about the condensation temperature of Mercury during 
its accretion along with information about its volcanic 
history after formation [1]. Knowledge of the iron 
abundance will in turn enable discrimination between 
different models that explain the formation and evolu- 
tion of Mercury (see e.g., [1]). Abundance measure- 
ments of refractory elements such as Ca, Mg, Al, Ti 
and radioactive elements such as K, Th, and U can also 
help to discriminate between various models of forma- 
tion and enable us to better understand the environment 
in which Mercury formed. In addition to measuring the 
global abundance of these elements, it is also important 
to derive abundance maps to be able to characterize the 
degree of composition inhomogeniety that exists on the 
surface of Mercury. 

Abundance measurements of volatile elements, 
such as hydrogen, are important to understand the ori- 
gin and nature of the radar-bright spots located in the 
permanently shaded regions of the north and south 
poles [2]. In particular, hydrogen abundance meas- 
urements may help to determine if these regions are 
populated by large amounts of water ice [2]. 

One of the best ways to carry out all these meas- 
urement objectives is to use orbital gamma-ray and 
neutron spectroscopy to make measurements of abso- 
lute elemental abundances on the surface of Mercury. 

Orbital Gamma-ray and Neutron Spectroscopy: 
Galactic cosmic rays (GCR) constantly impinge all 
planetary bodies and produce characteristic gamma-ray 
lines and leakage neutrons as reaction products. To- 
gether with gamma-ray lines produced by radioactive 
decay, these nuclear emissions provide a powerful 
technique for remotely measuring the chemical coir po- 
sition of airless planetary surfaces. The ability of 
planetary gamma-ray spectroscopy to remotely meas- 
ure planetary surface compositions was first demon- 
strated with the Apollo Gamma-Ray (AGR) measure- 
ments of the lunar surface [3]. The full value of com- 
bined gamma-ray and neutron spectroscopy has been 
shown with the Lunar Prospector Gamma-Ray (LP- 
GRS) and Neutron Spectrometer (LP-NS) measure- 
ments of the lunar surface [4]. With the inclusion of 
gamma-ray instruments on the NEAR mission to Eros 


[5] and the SELENE mission to the Moon [6], and 
gamma-ray and neutron instruments on missions to 
Mars [7] and Mercury [8, 9], it is clear that gamma-ray 
and neutron spectroscopy is becoming a standard tech- 
nique for remotely measuring planetary compositions. 

While some studies have used lunar sample ground 
truth data to derive absolute abundances [e.g., 3, 10, 
11], it has been shown with the LP data that it is pos- 
sible to make detailed maps (with a surface resolution 
of ~[50km] 2 ) of absolute abundances without relying 
upon ground truth calibrations [12, 13]. In the context 
of Mercury - a planet from which we have no returned 
samples - it is essential to have this ability to make 
absolute abundance measurements that are independent 
of ground truth. 

In addition to specific elemental abundances, LP 
neutron data has been used to determine more general 
composition parameters such as the average atomic soil 
mass [14] and the iron-rich mafic content of lunar soil 
[15]. Table 1 shows the variety of composition infor- 
mation that has been measured to date using LP 
gamma-ray, thermal, epithermal and fast neutron data. 
Table 2 summarizes the additional abundance meas- 
urements that are expected but not yet reported from 
existing experiments. 


Table 1: Measured Composition Information 


Measured quan- 
tity (abundances) 

— — r' 

Technique 

Instrument 

Refer- 

ences 

K, Th, Fe, andTi 

gamma-rays 

LP-GRS 

11, 12, 
13, 16 

Enhanced polar H 

epi. neutrons 

LP-NS 

17 

Global H 

epi. neutrons 

LP-NS 

18, 19 

Gd and Sm 

therm and epi. 
neutrons 

LP-NS 

20,21 

Mafic content 

therm, epi. 

neutrons; 

gamma-rays 

LP-NS/LP- 

GRS 

15, 22 

Average soil mass 

fast neutrons 

LP-GRS 

14 


Table 2: Expected Composition Information 


from Existing Experiments 


Measured quantity 
(abundances) 

Technique 

Instrument 

Mg, U, K, Al, Ca, 

gamma-rays 

LP-GRS, Mars 

Si 


Odyssey GRS 

C 

therm and epi. 

Mars Odyssey 


neutrons 

NS 
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Considerations of Gamma-ray and Neutron 
Spectroscopy as related to Mercury: Combined 

gamma-ray and neutron spectroscopy is an ideal tech- 
nique to use for measuring the most important chemical 
composition parameters of the Mercury surface. Be- 
cause iron plays a central role in our understanding of 
the formation and evolution of Mercury, it is essential 
to accurately measure its abundance on the surface of 
Mercury. The standard technique for measuring iron 
abundances is to measure the flux variations of the 7.6 
MeV line produced by neutron capture [10, 11]. How- 
ever, as explained by [11], the neutron capture reaction 
rate (and hence the gamma-ray flux) is highly depend- 
ent on the local neutron number density. The neutron 
number density (which is directly related to the meas- 
ured thermal neutron flux) in turn can vary greatly de- 
pending on the relative amounts of neutron absorbing 
elements such as Fe, Ti, Gd, Sm, and others [20]. In 
regards to lunar data, it is shown by [11] that if correc- 
tions for neutron number density variations (as inde- 
pendently measured by neutron spectrometer data) are 
not carried out, then it is possible to have relative er- 
rors of up to 300% in the determination of lunar iron 
abundances. Similar corrections will need to be ap- 
plied to all the gamma-ray lines produced by neutron 
capture. In addition to Fe, the elements Ti, Ca, Al, U, 
Th, and K are all important for better understanding 
the origin and evolution of Mercury and can be meas- 
ured using gamma-ray spectroscopy. 

Finally, if there do exist excess abundances of hy- 
drogen at the Mercury poles, these abundances may be 
detected using the measured fluxes of epithermal neu- 
trons. This is the same technique that was used to 
measure excess hydrogen abundances at the poles of 
the Moon [17]. 

Current Missions to Mercury: Both of the cur- 
rent missions to Mercury (MESSENGER and Bepi- 
Colombo) are planning to carry gamma-ray and neu- 
tron experiments [7, 8]. One of the key aspects to en- 
sure a successful experiment is to maximize the meas- 
ured gamma-ray and neutron counting rate from the 
planet and minimize their spacecraft background. In 
particular, since the measured counting rate is propor- 
tional to the solid angle subtended^ by the planet as 
viewed by the detectors, the counting rate is highly 
dependent on the distance from the planet to the space- 
craft. In this respect, the two missions are comple- 
mentary in how the gamma-ray/neutron experiments 
will be carried out. The MESSENGER spacecraft will 
be in a highly elliptical orbit with a periapsis of 200 km 
near 60°N [23]. This will allow high counting rates 
with relatively good spatial resolution to be achieved 
during the closest approach portion of the orbit. The 


MESSENGER apoapsis, however, will be quite large 
(-15,000 km). Therefore, during the farthest portion of 
the orbit, there will be a very small gamma-ray and 
neutron counting rate from the planet. In contrast, the 
orbit of the BepiColombo Mercury Planetary Orbiter 
(MPO) will be less elliptical with a periapsis of 400 km 
near the equator and an apoapsis of 1500 km [8]. 
While the MPO periapsis is larger than that of 
MESSENGER, a larger proportion of the orbit will be 
spent close to the planet, thereby increasing the meas- 
ured gamma-ray and neutron fluence during the mis- 
sion. This in turn enables a broader spatial coverage of 
statistically significant counting rates to be measured. 
In particular, it should be possible to derive global 
composition maps using gamma-ray/neutron data from 
the MPO spacecraft. Work is in progress to define the 
gamma-ray and neutron sensors, which in turn will 
allow a detailed estimate of expected counting rates, 
coverage, and spatial resolution for the BepiColombo 
gamma-ray/neutron experiment. 

References: [1] Bruckner J., and Masarik L, 
(1997) Planet. Space Sci., 45(#1), 39; [2] Harmon J. 
K., et al., (2001) Icarus , 149, 1; [3] Metzger, (1993) 
Remote Geochem . Analysis: Elemental and Min . Com- 
pos ., Pieters and Engle rt Eds., pg. 341; [4] Feldman et 
al. (1999) Nuc . Inst . and Meth. A , 422, 562; [5] Trom- 
bka et al. (1999) Nuc . Inst . and Meth. A, 422, 572; [6] 
Kobayashi M., et al., (2000) 4th Int . Conf. on Exp lor. and 
Util of the Moon; [7] Boynton et al. (1992) J Geo- 
phys. Res., 97(#E5), 7681; [8] Solomon S. C., (2001) 
32nd Lunar Planet . Sci. Conf, Abstract #1345; [9] 
Grard R. et al., (2000) ESA Bulletin , 103. [10] Davis P. 
A., (1980) J. Geophys. Res., S5(#B6), 3209; [11] Law- 
rence et al., (2001) 32nd Lunar Planet. Sci. Conf, Ab- 
stract #1830; Lawrence et al., (2001, submitted) J. 
Geophys. Res.; [12] Lawrence et al., (1999) Geophys . 
Res. Lett., 26, 17, 2681; Lawrence et al., J. Geophys. 
Res., 105(#E8), 20307; [13] Prettyman et al., 32nd 
Lunar Planet. Sci. Conf. , Abstract #2122; [14] Gas- 
nault et al., (2001) 32nd Lunar Planet. Sci . Conf, Ab- 
stract #1963; Gasnault et al., (2001, submitted) Geo- 
phys. Res. Lett.; [15] Feldman W. C., et al., (2000) J. 
Geophys. Res., 105(#E8), 20347; [16] Lawrence et al., 
(1998) Science, 284, 1484; [17] Feldman et al. (1998) 
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Res., 105(#E2), 4175; [18] Maurice et al. (2001) 32nd 
Lunar Planet. Sci. #2033; [19] Johnson et al. (2001) 
32nd Lunar Planet. Sci.; [20] Elphic et al. (2000) J. 
Geophys. Res., 105(#E8), 20333; [21] Maurice et al. 
(2000) 31st Lunar Planet . Sci . #1433; [22] Feldman et 
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Introduction: The IR Spectrometer on board 
BepiColombo’s MPO (Mercury Planetary Orbiter) 
aims at investigating the 0.8-2.8 pm range, where the 
absorption bands of major rock-forming minerals are 
found. Spatial resolution values on the order of 100 m 
are needed for regolith mixing studies (~ 200 - 300 m 
mixing scale), while moderate spectral resolution only 
is required (-20-40 nm spectral sampling). 

Configuration and Performance Features: The 

IMS experiment currently consists of two physical 
units, namely the detector and the electronics. The 
former contains the optics, the focal plane array and 
the readout system. The electronics unit includes the 
data compression electronics, the data buffers for data 
coming from the camera and waiting to be processed 
and for processed data waiting to be shifted out to the 
MPO OBDH unit, and the MPO I/F circuitry for 
power, commands and data. 

The optical system has a FOV of 256 mrad, and a 
focal length of 32 mm. The optics feeds the incoming 
radiation onto a grating and from there onto a 512x512 
array. Line binning can be performed by 4 in the spec- 
tral dimension to obtain 128 channels. The resulting 
IFOV is 0.5 mrad. 

The instrument works in pushbroom mode, with 
spectral dispersion along the lines of the matrix, and 
spatial information along the other direction. The 
above figures translate into the swath width and reso- 
lution features as described in Table 1. 

Exposure times are no less than 5 ms in order to 
minimize frame transfer effects. The upper bound is 
dictated by thermal problems (focal plane heating), and 
can be assumed to be close to the lowest value. Re- 
quirement for signal to noise ratio is > 100 in the 
whole spectral range. 

However, the above spectral range does not allow 
to determine the surface temperature in every day-time 
situation (see estimates of the signal in Fig. 1). The 
addition of 2 or 3 photodiodes measuring the emitted 
flux at longer wavelength, up to -5 pm, would provide 
such information and would allow to compute thermal 
inertia of surface materials. Such information has been 
used to estimate grain size and rock fraction on the 
Moon. The use of more recent models is expected to 
allow the estimate of sub-surface thermal gradients 
from such measurements, provided that enough meas- 
urements are performed of similar areas. 

Orbit, Operations and Pointing Requirements: 

A polar orbit is required to allow global mapping of 
Mercury’s surface; a 20% swath overlap is required for 


global mapping at lower resolution. With an elliptical 
orbit, periapsis precession is required to cover all lati- 
tudes at minimum altitude, and the maximum altitude 
ought to allow for subsequent swaths to at least mar- 
ginally overlap. 

Low-resolution observations taken at apoapsis will 
allow global mapping, and identification of areas of 
interest. Observations at periapsis will be reserved for 
the highest resolution studies of selected areas. Opera- 
tional altitudes fall in the 300 - 2500 km range. 

Interface and Physical Resource Requirements: 

Two thermal I/F are required, such that temperatures 
are kept in the working range of the experiment. 

A cryo- interface has to be provided to cool down the 
detector in the -153^-73°C range. Alternatively, IMS 
could include some suitable cooling device. A Peltier- 
like cooling system may be taken as a baseline (2-stage 
device at least). 

It is also noted that the IR input may at times ex- 
ceed that from the unit itself, unless proper radiation 
re-routing or rejection is possible. 

The data volume generated per orbit is highly vari- 
able, depending on the spectrum collection repeat rate. 

For the given 256 mrad (~ 14.67°) FOV, IMS 
swath width at pericenter is about 102 km crosstrack 
by 200 m downtrack footprint, and it is - 386 km by 
750 m at apocenter. To get complete coverage and 
avoid equatorial belt coverage gaps, a 25% duty cycle 
is envisaged. 

Assuming a pixel of 750 m (low resolution), an 
overlap factor of 25%, a resolution of 12 bits, a com- 
plete coverage represents 260 Gbits uncompressed. 
With compression rates of 3 (lossless) and 8 (lossy), 
this leads to 85 Gb and 30 Gb respectively. This cover- 
age is performed in 6 months, which requires a con- 
tinuous transfer rate of $.5 kb/s (lossless compression) 
or 1 .9 kb/s (compression rate of 8). 

A similar data rate should be reserved for high 
resolution observations, so that the overall continuous 
transfer rate ranges from 4 to 12 kb/s. At maximum 
repeat rate and high resolution (512 pixels, 128 chan- 
nels/pixels) values around 1.6 Gbit/orbit are reached 
even after 3:1 compression, to get continuous cover- 
age. Data rates up to several Mbps can be transferred 
to the MPO data handling. Binning, timelining and 
moderately lossy compression may be applied to re- 
duce the data volume. 

Open issues: The main critical issues have to do 
with thermal control and marginally with data rates. In 
order to solve the problem of high thermal input on the 
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sensor, a possible approach is to set a cut-off at X >2.8 also help reduce the thermal load on the detector by 

pm in the wavelength detection. This approach may another factor of 2. 

reduce the thermal load down to -0.29 W (external 
heat load on aperture). Filtering the visible range could 


Parameter 


Type of optics 

telescope + grating 

Type of detectors 


OPTICS 


Aperture 

> 8 mm 

Focal length 

> 32 mm 

Focal number 

4 

Field of View 

0.256 rad 

Pixel IFOV 

0.5 mrad 

Spectral Range 

0.8 - 2.8 pm + discrete 
measurements at longer 
wavelengths 

Spectral Channels 

128 




512 

Pixels per array line 

512 

Exposure time 

> 5 msec 

Repeat time 

- 250 - 450 msec 

Operating temperature 

- 153 + -73 °C 

A/D conversion 

12 bit/pixel 

SIZE and RESOLUTION 


Swath width 


Swath length 


Spectral sampling 

15.6nm f 



Spatial resolution 

200 m @ 400 km, 
750 m @ 1500 km 


Parameter 




PHYSICAL 


Mass, total 

6 kg 

Dimensions (total) 

300 x 150 x 150 mm 



Average power 

10W 

Peak power 

20 W 



Data volume/image cube 

403 Mbit (raw). 

34 Mbit 

(bing/4 +compr./3) 

Compression factor 

3:1 -8:1 

1 

560 Mbit 

Data volume per orbit 

< 1.6 Gbit 

POINTING/ 

ALIGNMENT 


Pointing 

Nadir 


1 °/s 

Pointing knowledge accu 
racy 

0,2 arcmin 


0.2 arcmin 


0.2 arcmin 

THERMAL 


Focal plane 

- 153 +-73 °C 

Detector unit operating 
temperature range 

<-27 °c 

Electronics 

< + 30 °C 


Table 1 : Infrared Mapping Spectrometer data sheet 


(True 0.307 au) 



Wavolengih (pm) 


Radiance 

{True anom: 180.0° Dist: 0.467 au) 



Fig. 1 : Simulations of Mercury flux in the NIR range a) wannest possible situation (perihelion, sub-solar point- 
ing); b) cold situation (aphelion near sunset). 
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RH5 6NT, England, aic@mssl.ucl.ac.uk . 3 Esrange, SSC, Box 802, 98128, Kiruna, Sweden, 
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Introduction: The Electron environment at Mer- 
cury is unique. The planet has a magnetic field, which 
is similar to that of Earth, but Mercury's magnetic field 
is significantly smaller than that of Earth, so the plane- 
tary body dominates a larger area of Mercury’s field 
compared to the Earth system. The solar wind interacts 
with the magnetic field of Mercury and an Earth-like 
plasma interaction with the solar wind is expected to 
occur. However, Mercury has no substantial iono- 
sphere, so that the mechanism by which the magneto- 
spheric currents are closed remains a matter of debate. 

Environment Characteristics: Studying the elec- 
tron environment can help describe the processes ac- 
tive at Mercury. Electrons are often more mobile than 
ions, and thus, can provide a quicker indication of pro- 
cess occurrence. In addition, fluxes of electrons are 
expected to be slighdy greater than fluxes of ions at 
Mercury as they are at all solar system bodies. The 
difference between Mercury's and Earth's magnetic 
field systems relative to the planet body should empha- 
size the differences in reactions between a planet with 
radiation belts. Radiation belts are a loss mechanism 
for magnetospheric plasma and a way to transport away 
energy from the magnetic field system as it reacts with 
the IMF which are not expected at Mercury. Thus, the 
loss mechanism should me absent at Mercury. 

Mercury has no appreciable atmosphere, and thus, 
no ionosphere to interact with solar plasma entering the 
magnetosphere. The combination of no planetary 
ionosphere and a more rapid magnetic field change for 
Mercury should allow separation of the effect of a 
planetary ionosphere when compared to that of the 
Earth. The lack of an ionosphere reduces the current 
flows in the magnetosphere of Mercury. 

The absence of a tangible ionosphere also means 
that plasma processes may take place directly on the 
surface of Mercury. Solar X-ray and extreme ultra- 
violet photons, as well as solar flare electrons and 
protons, interact directly with the planet surface on the 
daylight hemisphere, ionizing the surface and ejecting 
secondary electrons. X-ray flares are of particular in- 
terest because they result in production of Auger elec- 
trons which may be detected in the magnetosphere 
during the flare. Since Auger electrons are ejected at 
energies characteristic of each element, they serve as a 


tracer of surface ion production and magnetospheric 
ion composition. Photon and particle interactions 
could provide a localized surface charge which could 
generate a current path for magnetospheric plasma 
flow. Thus, electron current flow could be detected 
during solar flares. 

Earth-like magnetospheric interactions are expected 
to occur at Mercury, but on a shorter time scale. 
Changes in the Interplanetary Magnetic Field (IMF) 
occur on a shorter time scale-because of Mercury's 
proximity to the sun. It is anticipated that electron 
measurements could be used to track interactions of the 
IMF and Mercury's magnetic field. 

Measurements: A 270° electron top hat instru- 
ment for detecting electrons within a high solar ultra- 
violet and X-ray flux environment has been developed 
under the Planetary Instrument Design and Develop- 
ment Program. An example of the electron spectra 
seen at Mercury is compared with a detected spectra to 
determine what is retrieved by the ideal instrument. 
Characteristics of the 270° detector are employed to 
determine the expected measurements. 
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Introduction: Two commonly held models for the 
formation of the mercurian intercrater plains are: a 
global volcanic resurfacing event [1] or basin-ejecta 
material [2,3]. Although Mariner 10 images have pro- 
vided morphologic and limited compositional informa- 
tion [4] of the intercrater plains, the origin of these 
materials remains ambiguous. We examine whether 
Marnier 10 image at 355 (UV) and 575 nm (orange) 
can be used to distinguish between these models. Here 
we use Clementine image data (415 and 750 nm) for 
ancient lunar mare deposits to evaluate this suggestion. 

The inventorying of “hidden” volcanic deposits is 
important to mercurian studies because they provide 
evidence of ancient volcanism, which yields clues to 
the thermal evolution of the planet. The greater abun- 
dance of intercrater plains on Mercury, relative to the 
intercrater plains observed within the lunar highlands, 
suggests that the resurfacing was comparably more 
intense. Mercury may represen t an intermediate mem - 
ber of planet resurfacing; with the extremes being the 
Moon (-17% resurfacing) and Venus (global resurfac- 
ing). 

Geology: The timing of the resurfacing event on 
Mercury is constrained by the morphology of the ter- 
rain. Intercrater plains material is described as level to 
hilly relatively smooth terrain, and lying between and 
around the heavily cratered terrain [5]. Superposed on 
the intercrater plains is a high density of craters in the 
size range 5-10 km. Many of these craters are morpho- 
logically and distributionally analogous to secondary 
impact craters. They range from elongate and shallow 
to open on one side, and they occur in clusters and cra- 
ter chains. The only likely sources for these craters 
appears to be the large craters and basins of the heavily 
cratered terrain, and therefore the majority of the inter- 
crater plains predate the heavily crater terrain [5]. The 
heavily cratered terrain contains closely packed over- 
lapping craters like those of the lunar highlands. Thus, 
the lack of heavily cratered regions on Mercury, in 
contrast to the lunar highlands, suggests that a nearly 
planet wide resurfacing event wiped out or buried most 
of the early heavily cratered terrain. 

Impact-related origins have been proposed for the 
mercurian plains because they do not show high- 
contrast albedo [5] or color boundaries [4] with the 
surrounding highlands. Moreover, the intimate associa- 
tion of lineated terrain [6] (similar to the Imbrium 
sculptured terrain) with intercrater plains suggests that 
intercrater plains may be a facies of basin ejecta analo- 
gous to impact-related lunar light plains deposits such 
as the Cayley Formation. 


Distinguish between Smooth plain and intercrater 
plains 

Perhaps the occurrence of the intercrater plains 
early in the geologic evolution of Mercury is analogous 
to the lunar ancient mare deposits. Some smooth lunar 
highland light plains have been shown to represent an- 
cient basaltic units covered by ejecta debris from the 
last major basin-forming impacts [7]. Overlying, high- 
albedo feldspathic lunar basin ejecta obscure the typi- 
cal, low albedo signature of the mare basalt deposits. 
Similarly, basin deposits on Mercury may have obfus- 
cated surface landforms and compositions indicative of 
early volcanism. Identifying whether the intercrater 
plains had a volcanic heritage or not is important be- 
cause it contains information about the early thermal 
history of Mercury. 

Approach: We use the Clementine UWIS images 
of the Schickard crater to investigate whether the pres- 
ence of volcanic l andforms could be observed or 
whether compositional differences between the light 
plains covered cryptomare and surrounding highlands 
could be detected using only two bands (415, 750 nm) 
of remotely sensed data. The Schickard area was cho- 
sen for study because it contains two mare basalt units, 
an ancient mare deposit (designated light plains in Fig. 
1), and secondary craters from Orientale (Fig. 1). 



Fig. 1. Lunar Orbiter image (IV-160-H2) of Schickard 
crater (44°S, 55°W; 227 km diameter). 

The Mariner 10 image data consist of only two 
wavelengths, 355 nm (UV) and 575 nm (orange). Two 
parameters (UV/orange ratio versus orange albedo) 
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were used satisfactorily to decouple the spectral effects 
of ferrous iron content plus soil maturity from spec- 
trally neutral opaque minerals into two perpendicular 
trends [4]. Separating spectral effects of ferrous iron 
content from maturity caused by space weathering is 
problematic using only these two particular wave- 
lengths [4]. Most color variation in the iron-maturity 
image was from surface maturity and not from compo- 
sition [4], on the basis that most color variation is asso- 
ciated with crater rays and ejecta. 

To examine whether the intercrater plains should 
possess a unique compositional signature as buried 
ancient basalt flows covered by highlands, we use the 
Clementine UVVIS data processed using the latest 
calibration parameters by the USGS, Flagstaff [8]. We 
reproduce the relative color versus albedo technique of 
[4] at Clementine wavelengths, 415/750 versus 750 nm 
reflectance, to look for color differences caused by iron 
and maturity or opaque mineral content in the surface 
soils among mare, light plains and typical highlands 
soils in the Schickard area. 

Discussion: Examination of Clementine and Lunar 
Orbiter images of the ancient mare unit within 
Schickard yields no obvious evidence for volcanic con- 
structs (e.g., cones, domes, rilles, pyroclastic deposits). 
Either they never existed (e.g. the fluid lunar lava flows 
buried their source vents) or they were obliterated by 
the ejecta superposed on them. We favor the former 
interpretation on the basis that we do not find volcanic 
landforms within the mare basalt deposits, either. 

Examination of the color composite image (Fig. 2) 
shows that there is little brightness difference between 
the ancient mare unit and the surrounding highlands, 
with the exception of a dark halo crater (dhc Fig. 2). 
This indicates that the detection of ancient mare depos- 
its using only two bands in the ultraviolet and visible 
wavelengths is difficult, even for mixtures with compo- 
sitional differences as great as that between lunar 
highlands and basalt (4-5 wt.% FeO for feldspathic 
highlands and 18-20 wt.% FeO for mare basalt). 

Implications: The absence of color difference 
between lunar light plains, which are known to overly 
ancient mare basalt [7], and the surrounding highlands 
demonstrates that an absence of similar color differ- 
ences between intercrater plains and surrounding mate- 
rial does not indicate conclusively whether or not the 
intercrater plains possess a volcanic linage. The lack of 
distinct color or albedo boundaries between the inter- 
crater plains and typical highly cratered plains [4,5,9] is 
likely the result of mixing two geologic units of similar 
FeO composition. Examination of mercurian plains 
interpreted morphologically to be volcanic in origin 
reveals relatively low contrast boundaries in the matur- 
ity-plus-iron image, indicating that these units have 
very similar FeO contents [4,10], making distinct color 
differences for these units less likely that for the lunar 


case. A more powerful method for Mercury is obvi- 
ously needed. 

Increased spatial and spectral resolution obtained 
MESSENGER and BepiColombo will undoubtedly aid 
in determining whether the intercrater plains are analo- 
gous to lunar ancient mare deposits by identifying dark 
halo craters with mafic signatures. In addition, the 
MESSENGER’S laser altimeter will show whether vol- 
canic flows on Mercury (if any) and the intercrater 
plains exhibit similar elevations; an indication of simi- 
lar elevation distributions suggests a similar origin. For 
example, the Cayley light plains exhibit elevations 
from 6 km to 8 km above the mean lunar datum, the 
highest ponded lunar basalts are approximately 5 km 

in 



Fig 2. Color composite image of Schickard Crater. The 
red channel is (750/415), green is 750 nm or the iron- 
maturity parameter of [1], and blue is 415/750. Areas 
of increasing iron and maturity appear bright green. 
The intensity of the iron maturity parameter for the 
light plains unit is comparable to the surrounding 
highlands. The dark halo crater (dhc) is the only hint 
that ancient mare basalt exists below the light plains 
unit. 
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MAGNETOSPHERE-REGOLITH/EXOSPHERE COUPLING: DIFFERENCES 

AND SIMILARITIES TO THE EARTH MAGNETOSPHERE-IONOSPHERE 
COUPLING. J. W. Gjerleov and J. A. Slavin. 

Of the three Mercury passes made by Mariner 10 the first and third went through the 
Mercury magnetosphere. The third encounter which occurred during northward IMF 
showed quiet time magnetic fields. In contrast the third encounter observed clear 
substorm signatures including dipolarization, field-aligned currents (FACs) and injection 
of energetic electrons at geosynchronous orbit. However, the determined cross-tail 
potential drop and the assumed height integrated conductance indicate that the FAC 
should be 2-50 times weaker than observed. We address this inconsistency and the 
fundamental problem of FAC closure whether this takes place in the regolith or in the 
exosphere. The current state of knowledge of the magnetosphere-exosphere/regolith 
coupling is addressed and similarities and differences to the Earth magnetospher- 
ionosphere coupling are discussed. 
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Introduction: The MErcury, Surface, Space ENvi- 
ronment, GEochemistry, and Ranging (MESSENGER) 
spacecraft will be the first to orbit the planet Mercury 
and the first spacecraft to visit Mercury in more than 
30 years. MESSENGER will launch in March 2004 
with a miniaturized set of seven instruments. Along 
with the spacecraft telecommunications system, these 
instruments will provide a comprehensive view of the 
structure and composition of the planet. MESSENGER 
will orbit Mercury for one Earth year following two 
flybys of Venus and two of Mercury. 

Mercury, the least studied of the terrestrial planets, 
holds the prospect for unraveling important aspects of 
the origin and early history of the solar system [1]. 
Mercury is a challenging body to orbit, however, be* 
cause of high propulsive-energy requirements and the 
severe thermal environment [2]. To date, Mercury has 
been visited by spacecraft only during three flybys by 
Mariner 10 in 1974 and 1975. 

The MESSENGER mission has been designed on 
the basis of a detailed progression from the science 
questions to be answered, through mission design and 
implementation [1], to the instrument suite needed to 
obtain the necessary data. By adhering strictly to the 
science requirements while also pursuing aggressively 
miniaturization and packaging optimization so as to 
minimize payload mass, the instrument suite meets all 
mission constraints while enabling the measurements 
required for addressing fully the science questions that 
define the mission. 

Instrument Suite: MESSENGER carries seven 
scientific instruments plus radio science. The instru- 
ment suite includes the Mercury Dual Imaging System 
(MDIS), a Gamma-Ray and Neutron Spectrometer 
(GRNS), an X-ray Spectrometer (XRS), a Magne- 
tometer (MAG), the Mercury Laser Altimeter (MLA), 
the Mercury Atmospheric and Surface Composition 
Spectrometer (MASCS), an Energetic Particle and 
Plasma Spectrometer (EPPS), and Radio Science (RS). 
MDIS has both a wide-angle (WA) and a narrow- angle 
(NA) imager. MASCS includes an Ultraviolet-Visible 
Spectrometer (UWS) and a Visible-Infrared Spectro- 
graph (VIRS). EPPS includes an Energetic Particle 
Spectrometer (EPS) sensor and a Fast Imaging Plasma 
Spectrometer (FIPS). The MESSENGER instruments 
capitalize on emerging technologies developed over 
several years. The selected instruments accomplish the 
required observations at low cost with the low masses 


essential for implementing this difficult mission. Mass 
restrictions on a Mercury mission are severe. The total 
mass available for the payload, including all electron- 
ics, thermal accommodations, booms, brackets, and 
cables, is about 47 kg. 

All instruments except MAG are fixed and body 
mounted for high reliability and low cost. The direc- 
tional instruments are all co-aligned and located on the 
bottom deck of the spacecraft. Despite the extreme 
thermal inputs from the Sun and Mercury, the 
MESENGER spacecraft design provides a benign 
thermal environment for the payload. 

A compact, shared data-processing unit (DPU) 
supports all of the instruments. In addition, most in- 
struments have a miniature data processing unit to per- 
form their real-time, event-by-event processing. Be- 
cause of the limited downlink bandwidth available, 
several lossless and lossy data compression techniques 
are provided to the instruments as required. 

Mercury Dual Imaging System: MDIS combines 
a 12-filter WA imager (10.5° field of view), with a 
high-resolution, NA imager (1.5° FOV) on a small 
pivot platform. Both imagers have 1024x1024 pixels 
and 12-bit quantization. The pivot platform provides 
for full coverage of the planet during orbital operations 
and during the two Mercury flybys. Each imager has 
manual and automatic exposure control over a range of 
1 ms to 10 s with electronic shuttering. A subframing 
capability allows the selection of a chosen rectangular 
segment of the image to be saved and downlinked. 
Several image-compression techniques are available 
and may be used individually or in combination. 

Gamma-Ray and Neutron Spectrometer:. 
GRNS has an active-shielded y-ray scintillator that 
measures a range of elemental abundances (O, Si, Fe, 

H, K) and a neutron spectrometer to provide high sen- 
sitivity to possible H 2 0 ice at Mercury’s poles. The y- 
ray spectrometer (GRS) scintillator is mounted in a 
cup-shaped active shield of bismuth germanate (BGO) 

I. 25 cm thick. The shield defines a ~ 45° FOV, pro- 
vides an anticoincidence veto for cosmic rays, protects 
the central scintillator from locally generated back- 
grounds, reduces the Compton continuum, and cap- 
tures escaping y-rays generated by pair-production in 
the central scintillator. The primary GRS detector is a 
50 x 50 mm cesium iodide (Csl) scintillator. Energy 
resolution better than 8.0% has been demonstrated. Csl 
works near room temperature, so cryogenic cooling is 
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not required, and it is nearly immune to radiation dam- 
age, important for this long-duration mission. The 
neutron spectrometer uses two lithium glass scintilla- 
tors separated by a block of borated-polymer scintilla- 
tor to measure thermal, epithermal and fast neutrons.. 

X-ray Spectrometer: XRS is an improved version 
of the NEAR Shoemaker X-ray spectrometer design 
[3]. Three gas proportional counters view the planet, 
and a state-of-the-art Si-PIN detector views the sun. 
Thin absorption filters on two of the planet-facing de- 
tectors differentially separate the lower energy X-ray 
lines (Al, Mg, and Si) [4]. A Be-Cu honeycomb colli- 
mator provides a 12° FOV. Energy spectra are accu- 
mulated from 1 to 10 keV, which covers the 
K-fluorescence emission lines of the elements Mg, Al, 
Si, S, Ca, Ti, and Fe. 

Magnetometer; MAG is a miniature three-axis, 
ring-core fluxgate magnetometer mounted on a 3.6-m 
boom in the anti-sunward direction. The principal 
range is ± 2048 nT with 16-bit quantization. There are 
selectable averaging intervals from 0.04 s to 1 s. An 
extensive program is in place to minimize stray space- 
craft magnetic fields. Potential magnetic field sources 
are identified early in the design process, and mitiga- 
tion techniques are selected for their minimum impact 
on the design. 

Mercury Laser Altimeter: MLA will determine 
the topography of Mercury in the northern hemisphere 
where the MESSENGER orbit is less than 1000 km 
above the surface. A Q-switched, diode-pumped 
Cr:Nd:YAG laser transmitter operates at 1064 nm. 
When the laser fires, a small fraction of the laser beam 
is sampled by an optical fiber and relayed onto the start 
detector, which initiates the timing process. A 4-Iens 
refractive receiver telescope, collects the back- 
scattered laser echo pulses which are detected with a 
hybrid avalanche photodiode assembly. Receiver elec- 
tronics record the arrival time of individually reflected 
photons with 75-cm (5-ns) resolution. 

Mercury Atmospheric and Surface Composition 
Spectrometer; MASCS is derived from the Galileo 
Ultraviolet Spectrometer (UVS) [5]. UWS is opti- 
mized for measuring the composition and structure of 
the atmosphere and surface reflectance. VIRS is opti- 
mized for measuring visible (VIS) and near-infrared 
(IR) surface reflectance (0.3-1.45 jim). VIRS is 
mounted on top of the UWS and is coupled to the 
telescope focal plane with a short optical fiber. UWS 
has 25 km resolution at the limb; VIRS has 100-m to 
7.5-km resolution on the surface of Mercury, depend- 
ing on altitude. 

A Cassegrain telescope feeds an 1800-groove/mm 
Ebert-Fastie diffraction grating spectrometer in the 
UWS. The spectrum is scanned by rotating the grat- 


ing in 0.25 nm steps, providing a factor of 4 oversam- 
pling. Three small photomultiplier tubes, behind sepa- 
rate slits, are used in pulse-counting mode for the at- 
mospheric observations. 

The VIRS concave holographic diffraction grating 
images onto two semiconductor detectors. The visible 
detector (300-1025 nm) is a 512-element silicon line 
array. The IR detector (0.95-1.45 pm) is a 256-element 
InGaAs array. Both detectors are digitized to 12 bits. 

Energetic Particle and Plasma Spectrometer; 
EPPS measures ions from thermal plasmas through -5 
MeV and electrons from -20 keV to 400 keV. EPPS 
combines a Fast Imaging Plasma Spectrometer (FIPS) 
head and an Energetic Particle Spectrometer (EPS) 
head for energetic ions and electrons. EPPS is mounted 
near the top deck of the spacecraft where it can ob- 
serve low-energy ions coming up from the surface of 
Mercury, pickup ions, ions and electrons accelerated in 
the magnetosphere, and the solar wind when the space- 
craft is turned near its maximum allowed off-Sun 
pointing angle. EPS is a hockey-puck- sized, time-of- 
flight (TOF) spectrometer that measures the energy 
spectra, atomic composition, and pitch-angle distribu- 
tions of energetic ions and electrons. The FOV is 160° 
by 12° with six active segments of 25° each; the geo- 
metric factor is -0.1 cm 2 sr. 

FIPS measures low-energy plasmas with a nearly 
full hemispherical coverage. Particles pass through an 
innovative electrostatic deflection system into a posi- 
tion-sensing TOF telescope. The mass per charge of a 
given ion follows from E/q and the TOF, allowing re- 
construction of distribution functions for different 
mass/charge species. - ~ 

Radio Science: RS observations are required for 
measurements of Mercury’s gravity field and in sup- 
port of the laser altimetry investigation. Accurate 
knowledge of spacecraft location is required to recover 
the magnitude of the physical libration of the planet, a 
key mission objective [1]. Tracking will determine the 
spacecraft velocity to 0.1 mm/s root-mean-square er- 
ror. - - 

Refer enc es: [1] Solomon, S. C., et al.. The 
MESSENGER mission to Jvfercury: Scientific objec- 
tives and implementation. (2001, in press) Planet . 
Space Sci . [2] Santo, A. G., et al., The MESSENGER 
mission to Mercury: Spacecraft and mission design 
(2001, in press) Planet . Space Sci . [3] Trombka, J. I., 
et al. (1997) JGR, 102 , 23,729-23,750. [4] Trombka, J. 
I., et al. (2000) Science , 289, 2101-2105. [5] Hord, C. 
W., et al. (1992) Space Sci. Rev . 60, 503-530. 
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Introduction: Mercury can be considered as an 
“end-member” of the terrestrial planets in our Solar 
System - it is the closest planet to the Sun, it is the 
smallest and has the highest uncompressed density. It 
remains mostly unexplored apart from three flybys by 
Mariner 10 in 1974 and 1975. Understanding the com- 
position of Mercury is a key to our understanding of 
the process of the formation and evolution of the Solar 
System 

BepiColombo, ESA’s Cornerstone mission to Mer- 
cury, will conduct an extensive investigation of the 
planet using two orbiters and a lander. This paper out- 
lines a possible X-ray spectrometer that would be ide- 
ally suited to the BepiColombo mission, and highlights 
some of the outstanding science that can be achieved 
with such an instrument. 

Science Drivers: The technique of X-ray spectro- 
metric analysis is well known for remote sensing the 
atomic composition of planets, having been used at the 
Moon [1,2], and Eros [3]. [4] have described a possible 
instrument for investigating the composition of Mer- 
cury, based on the experiments flown on Apollo. A 
very similar instrument is currently under construction 
for the NASA Mercury Messenger mission. Recently 
DCIXS (Demonstration of a Compact X-ray Spec- 
trometer), an instrument based on much newer technol- 
ogy [5] has been developed for lunar use on the 
SMART-1 mission. CIXS, the next generation of such 
technology, builds upon the experience gained in de- 
veloping the DCIXS instrument. The primary science 
goals of the CIXS instrument are based around the 
following fundamental questions: 

• What is the surface composition? CIXS provide 
multi-species global elemental maps to address 
this question 

• How did Mercury form? CIXS will measure the 
critical minor elemental species that can distin- 
guish between the currently competing theories. 

• How has Mercury evolved? The evolution of the 
surface will leave its own signature in the surface 
composition that CIXS can measure. 

• What is the source of the highly variable exo- 
sphere? CIXS will be able to study the X-rays 
produced by precipitating magnetospheric parti- 
cles. 

These questions place strict requirements on any X- 
ray instrument to fly on BepiColombo or Messenger: 


• The bandwidth must cover the energy range of the 
key elemental lines, Na, Mg, Al, Si, K, Ca, 77 and 
Fe . (i.e. 0.5 to 6.5 keV) 

• The bandwidth must match the most efficient gen- 
eration of X-ray fluorescence by the incident solar 
spectrum, (i.e. 0.5 to 5 keV) 

• The instrument must be able to separate the fluo- 
rescence lines of these key elements . This requires 
an energy resolution -150 eV. 

• Global coverage of the surface is required. 

• The instrument must have high time resolution , 
and hence high throughput, both to resolve mag- 
netospheric effects, and because of the high 
spacecraft ground speed. 

• We must include a solar monitor , to calibrate the 
incident flux, and hence provide absolute ele- 
mental abundances. 

• Solar and particle effects must be separated This 
can be done with a separate fluorescence monitor. 

The CIXS instrument has been designed specifi- 
cally with these requirements in mind. 

The Instrument: The instrument, shown in Figure 
1 , centres around a new CMOS detector, mounted be- 
hind low profile gold collimators and aluminium thin- 
film filters. The new detector, designed specifically for 
the instrument and mission, will enable low noise, 
photon-counting readout of X-ray generated charge 
signals while avoiding the charge transfer process of 
CCD’s. One of the major technical advances of DCIXS 
has been the development of microstructure collima- 
tors, based on new micro-manufacturing technologies 
developed for solid state and microwave technology. 
Essentially, this makes it possible to produce the large 
effective area, essential for detecting the weak plane- 
tary fluorescence signal, in a low profile instrument 
that can be built within a resource envelope far smaller 
than previously possible. Preliminary calculations sug- 
gest that for the BepiColombo baseline orbit, which 
has a 400x1500 km altitude, an appropriate configura- 
tion might consist of a mix of 3°, 4° and 6° collimator 
facets. 

Energy Resolution: CIXS will have a geomet- 
ric area of 100 cm 2 leading to an effective area of 
58cm 2 at IkeV with a multi-facetted field of view. 
CIXS would operate in the energy range of 0.5-10 keV, 
allowing for the observation of Na, Mg, Al, Si, K, Ca, 
Ti and Fe, as well as a range of others during a solar 
flare. An energy resolution of ~150eV would be re- 
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quired to resolve the lines, and this will easily be 
achieved. A degradation of the spectral resolution to 
250eV makes it impossible to resolve the Na, A1 or 
minor lines in the cases we have modelled, and this has 
been a strong driver in our choice of detector. 

Spatial Resolution : The maximum spatial resolu- 
tion available to the instrument is defined by the colli- 
mator, and this is the resolution available during very 
bright illumination conditions (i.e. exceptional flares). 
However, in general, when mapping planetary fluores- 
cence in average illumination conditions, the mapping 
resolution is limited by the need to have a statistically 
significant number ofphotons in the pixel [7]. Even 
allowing for the fact that the BepiColombo nominal 
mission occurs at close to the maximum X-ray emis- 
sivity of the Sun, the average X-ray emission during 
the mission will only allow us to produce maps with a 
30km pixel, even with our large 58cm 2 effective area at 
IkeV. 28% of the time during the mission we can ex- 
pect Cl or larger flares to be occurring. While these 
only increase the total X-ray counts by -50%, they do 
produce a significant hardening of the spectrum. From 
the statistics of flare occurrence around solar maxi- 
mum, we estimate that the limiting spatial resolution 
(10 km) will be achieved much less than 1% of the 
time. 

An important goal of this instrument is to provide 
global coverage of the surface in X-rays. The footprint 
over the surface moves by 52km each orbit at the 
equator. Therefore a surface footprint of that order is 
required to ensure full global surface coverage, and this 
will be achieved by having a 5 faceted view. The cen- 
tral facet will have the smallest field of view to maxi- 
mise the science return during flare events, when 


higher spatial resolution measurements are possible. 
We will ensure that we can make the most of such op- 
portunities while still providing a global dataset. 

Solar and Fluorescence Monitors : One pre- 
requisite for achieving absolute elemental abundances 
is the full characterisation of the incident flux. The 
fluorescence produced is a strong function of the slope 
of the solar continuum in the range 0.5 to 20 keV, and 
this, as well as the absolute intensity, is highly variable. 
Thus during strong flares, which produce a hard spec- 
trum, a great deal of extra information may be derived 
about less abundant species. The solar monitor will be 
based on the X-ray Solar Monitor (XSM) flown on 
DCEXS, provided by the University of Helsinki. 

One major difference between the Moon and Mercury 
is the presence of a magnetosphere. The X-ray emis- 
sion from precipitating particles forms a significant 
contribution. In order to resolve this, in addition to a 
conventional solar monitor, we will include a fluores- 
cence monitor. This exposes to the Sun a simulated 
piece of the surface of Mercury created in the labora- 
tory, and directly monitors the fluorescence produced. 
Such an instalment has been developed for the Japa- 
nese SELENE lunar mission, and will be provided by 
our Japanese colleagues. 

References: [1] Mandelshtam S.L., I.P. Tindo, V.I. 
Karev, (1966) Kosmich. Issled., 4, 827 [2] Adler I, et al. 
(1972) Proc Lunar Sci Conf, 3, 2157 [3] Squyres S.W., et 
al., 2000, DPS, 32, 2.04 [4] Clark P.E and Trombka J.I. 
(1997) Plan Space Sci 45 , 57 [5] Grande et al. (2001) Plan. 
Space Sci. in press [6] Dunkin et al. This volume [7] Grande 
M., Dunkin S.K., Kellett B.J. (2001) Plan. Space Sci. in 
press. 


Detector Module 


Figure 1: The CIXS 

instrument, with its 5 facetted 
field of view. The outer two 
facets have a 6° FOV, the 
central facet a 3° FOV and the 
other two a 4° field of view. 
This configuration maximises 
the number of photons arriving 
for a given integration period, 
while maintaining a high 
spatial resolution. Importantly, 
each of the detectors can be 
read out separately, and either 
combined during normal solar 
conditions, or kept as a single 

facet to maximise the spatial resolution during scientifically valuable flare conditions. CIXS will utilise the expertise gained from 
the DCIXS experiment, using SCD’s and micro- collimators, allowing us to fit within the mass budget of 4.5kg. The solar and 
fluorescence monitors, which would be mounted on the opposite side of the spacecraft, are not shown. 
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Like the Moon, Mercury has a vestigial 
atmosphere and no ionosphere, but it 
possesses a small intrinsic magnetic field. 
Due to the weakness of this field, of the 
order of few 100 nT at the equator, and the 
relatively high solar wind pressure which 
prevails at the orbit of Mercury, the size of 
the magnetospheric cavity is much smaller 
that that of the Earth. The solar wind may 
even reach the surface of Mercury when its 
pressure is sufficiently large. The formation 
of radiation belts is probably impeded for 
lack of a sufficiently strong magnetic 


confinement. The environment is permeated 
by a current system which is basically 
unknown and the plasma is extremely 
rarefied, like in the lobes of the Earth 
magnetosphere. The absence of an 
atmosphere permits the circulation of 
electric currents directly between the solid 
planet and its space environment. Due to the 
proximity of the Sun, the emission rate of 
photoelectrons is up to 10 times larger that 
at the Earth orbit and leads to unique 
electrostatic phenomena on orbiting 
spacecraft and at the planetary surface. 
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The questions about Mercury as a planet that 
form the central rationale of the BepiColombo 
mission include: 

• What will be found on the uninspected 
hemisphere of Mercury? 

• How did the planet evolve geologically? 

• Why is Mercury’s density so high? 

• What is its internal structure and is there a 
liquid outer core? 

• What is the origin of Mercury’s magnetic 
field? 

• What is the chemical composition of the 
surface? 

• Is there any water ice in the polar regions? 

• Which volatile materials compose the 
vestigial atmosphere (exosphere)? 

• How does the planet’s magnetic field 
interact with the solar wind ? 

BepiColombo’ s other objectives go beyond 
the exploration of the planet and its 
environment, to take advantage of Mercury’s 
close proximity to the Sun: 

• Fundamental science: is Einstein’s theory 
of gravity correct? 

• Impact threat: what asteroids lurk on the 
sunward side of the Earth? 

A system and technology study has revealed 
that the best way to fulfil the scientific goals is 
to send two orbiters and one lander to 
Mercury. 

• The Planetary Orbiter is dedicated to 
remote sensing, radio science and 
asteroid observations. 


• The Magnetospheric Orbiter 
accommodates mostly the field, wave 
and p arti cle instruments. 

• The Surface Element, a lander module, 
makes in situ observations that serve us 
ground-truth references . 

The method for transporting the spacecraft 
elements to their destinations emerges from 
a trade-off between mission cost and launch 
flexibility. It combines ion propulsion, 
chemical propulsion and gravity assists. 
BepiColombo will be launched in 2009. 
ESA is discussing a cooperation with the 
Japanese Institute of Space and 
Astronomical Science (ISAS) which has 
expressed a keen interest to provide the 
Magnetospheric Orbiter. 
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Introduction: The vapor deposition model of 
space weathering [1, 2] is now widely accepted [3]. 
The changes in the optical properties of pulverized 
crustal material of a planet, including spectral darken- 
ing, reddening and obscuration of absorption bands, 
are caused by vapor deposits containing submicro- 
scopic metallic iron (SMFe) particles; the vapor is 
generated by both solar wind sputtering and microme- 
teorite vaporization. Mercury’s magnetic field stands 
off the solar wind most of the time. However, Cintala 
[4] estimates that micrometeorite vapor generation is 
20 times greater on Mercury than on the moon, which 
implies that vapor deposits probably make up more 
than half of the Mercurian regolith. This paper dis- 
cusses the implictions of these deposits on the inter- 
pretation of observations that bear on the composition 
of the regolith. 

Observations Bearing on Composition: The 
composition of the crust is poorly determined. The 
photometric and polarimetric properties are similar to 
the moon’s [5], implying a lunar like regolith. How- 
ever, because of the higher rate and velocities of im- 
pacts, the Mercurian regolith should be more mature. 
Hapke et al [6] were the first to point out that the crust 
of Mercury must be low in Fe and Ti, based on the 
albedo and color relationships in the Mariner 10 im- 
ages. McCord and Adams [7] found that the visual 
albedo and reflectance spectrum are similar to the 
moon’s, but Vilas [8] has been unable to reliably detect 
a 1 mm ferrous band. Adams and McCord [9] estimate 
that the 1 mm band would be difficult to observe if the 
FeO abundance is less than about 6%. Hapke [5] 
pointed out that there is no sign of a visible band near 
0.5 mm that would be consistent with perovskite, 
which argues against a crust of highly refractory min- 
erals. Jeanloz et al [10] found that the loss tangent in 
the Mercurian regolith is similar to low-Fe lunar anor- 
thosites. Sprague [11] reports the detection of an IR 
Christiansen feature near 8 mm that is consistent with 
an intermediate to mafic feldspathic crust. 

Models: Thus, it may be asked whether there is 
any Fe present at all on the surface of Mercury. This 
paper addresses that question. Blewett and Lucey [12] 
applied their algorithm for the removal of space 
weathering effects and estimated that the FeO abun- 
dance is about 4%. However, their method is critially 
dependent on data set calibration, and it is not clear 
how reliable this is in the case of Mercury. Assuming 
that the crust is siliceous, there are several possible 
compositional models, each of which will now be 
evaluated. 


High-Fe Models: 

MODEL H-l: there is abundant Fe, but it is present 
only in the form of FeO, as in for instance, enstatite 
chondrites. In that case the 1 mm band would be ab- 
sent. However, experiments have shown [13, 2] that 
adding as little as 5% metallic Fe to silicate powder 
causes the vapor deposits to contain so much SMFe 
that the albedo would be too low and the spectrum too 
flat to match Mercury. 

MODEL H-2 there is abundant Fe, and much of it is in 
the form of high-Fe+2 minerals, as in lunar maria ba- 
salts. On the moon this amount of Fe results in a rego- 
lith containing about 0.5% SMFe, However, because 
of the expected much higher abundance of vapor de- 
posits the Mercurian regolith would contain several 
percent SMFe. This much SMFe would result in an 
albedo that is too low and a spectrum that is too flat, 
although the 1 mm band would be totally obscured [2]. 

Low-Fe Models : 

MODEL L-l: the crust completely is iron-free. If this 
were the case space weathering would be unable to 
generate SMFe. Experiments show that vapor deposts 
made from such material absorb strongly only in the 
UV [5]. The 1mm band would be absent, but the visi- 
ble/near-IR albedo would be too high and spectrum too 
flat. 

MODEL L-2: Mercury has a low-Fe crust, but Fe is 
not completely absent. Experiments show that unless 
the parent material contains more than about 1% FeO 
the vapor deposits will not have enough SMFe to be 
absorbing in the visible/near-IR [5]. 

Conclusions: Mercury has a regolith that is more 
mature than the moon’s and consists of more than 50% 
impact generated vapor deposits. The crust of Mercury 
is feldspathic with about 2-6% FeO. 
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The Goldstone Solar System Radar has been used to im- 
age the north and south poles of Mercury during the inferior 
conjunctions of February 2001 and June 2001. The sub-Earth 
latitude was —10.7° in February during observations of the 
southern hemisphere, and +8.4° in June during observations 
of the northern hemisphere. These excellent viewing angles 
provided an opportunity to resolve the radar bright material 
in polar craters at 6 km range resolution. Fine-scale (1.5 km) 
resolution images of the northern craters have previously been 
obtained at 13 cm wavelengths during the July 1999 inferior 
conjunction (Hannon et al., 2001). However, due to geomet- 
ric constraints, the Arecibo radar cannot observe the southern 
polar region of Mercury until 2004. Our new Goldstone 6 km 
data are a factor of two higher resolution than Arecibo data 
collected in March 1992 at 15 km range resolution (Hannon 
et al. 1994), and will remain the most highly resolved images 
of the south polar region for the next few years. 

The long-code method of delay-Doppler mapping (Har- 
mon et al., 1992) was used to prevent aliasing of the radar 
return, as Mercury is nearly 5 times overspread at 3.5 cm. The 
radar transmitted RC polarization and received both RC and 
LC polarizations. Several transmit-receive cycles were aver- 
aged in delay-Doppler space to obtain the images in Figures 1 
(4 cycles averaged) and 2 (10 cycles averaged). In these delay - 



Figure 1: Mercury north hemisphere 2001 June 13 


Doppler space images, the pole appears near the center of the 
image, as the projection into radar coordinates approximates a 
polar stereographic projection. The hemisphere opposjtejhe 
sub-Earth point lies in radar shadow, and does not appear in the 
picture. The standard north-south ambiguity of delay-Doppler 
mapping does not affect observations of the polar region at 
these viewing geometries, as the corresponding points at the 
opposite pole lie in radar shadow. Only data from the same cir- 
cular (SC) polarization as transmitted are shown, as the strong 
specular reflection in the OC data from the sub-radar point 
lowers the overall contrast of the image and masks the polar 
return. 



Figure 2: Mercury south hemisphere 2001 Feb. 20 


The north polar craters (Figure 3) exhibit brightest reflec- 
tions from material at their southern rims as noted previously 
(Harmon et al., 2001; Slade et. al, 2000), which are the ar- 
eas that are permanently in shadow from the Sun. The south 



Figure 3: Mercury north pole 2001 June 13 


polar scene (Figure 4) is dominated by the reflection from 
the Chao Meng-Fu crater, though bright reflection from nu- 
merous smaller craters can be seen. The brightness of these 
features is consistent with volume scattering from cold-trapped 
volatiles. Similar radar bright echo and polarization inversion 
(SC stronger than OC) has been noted for the Galilean satellites 
since the mid 1970’s (Campbell et al., 1978), and is usually ex- 
plained using models of coherent backsc alter from icy media 
(Hapke, 1990). Comparison of the radar albedo at the Arecibo 
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and Goldstone wavelengths has the potential to constrain scat- 
tering mechanisms, and lead to a better understanding of the 
environment in and around the crater which allows the volatiles 
to become trapped. 
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Figure 4: Mercury south pole 2001 Feb. 20 
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Introduction. Until ten years ago, Mercuiy radar studies 
consisted primarily of CW and delay-Doppler observations 
of the polarized echo for altimetry, scattering analysis, and 
imaging of the equatorial region near the subradar track. The 
last decade has seen a shift in emphasis to full-disk imaging of 
both the polarized and depolarized echoes. Several advances 
have made this more practicable. One of these was the advent 
of bistatic radar synthesis imaging with Goldstone/VLA [1], 
which circumvented the north-south ambiguity and overspread 
aliasing problems inherent in delay-Doppler radar. Another 
advance was the development of the long-code method [2], 
which mitigates echo overspreading in delay-Doppler. Both 
of these methods were developed for observing Mars, but were 
immediately adaptable to Mercury. Finally, there has been the 
recent upgrading of the Arecibo telescope. This upgrade has 
given a more than 5-fold improvement in the sensitivity of the 
Arecibo S-band radar, enabling delay-Doppler imaging with 
better quality and resolution. 

In this talk I review recent Arecibo delay-Doppler radar 
imaging results for Mercury, concentrating mainly on data ob- 
tained with the newly upgraded system. I will begin with a 
discussion of the putative "ice" features that have been seen 
at the poles, and then go on to a discussion of the major non- 
polar radar features seen in the Mariner-unimaged hemisphere . 
Some of the results discussed in this abstract are based on pre- 
liminary analysis of new data. The final images resulting from 
more complete analysis will be presented at the meeting. 

Polar Features. A major surprise from the Goldstone/VLA 
observations was the discovery in 1991 of an anomalously 
bright radar feature at the north pole [3]. Long-code Arecibo 
observations made that same year also showed this feature, 
and revealed the existence of a bright spot at the south pole as 
well [4]. Subsequent reanalysis and averaging of Arecibo data 
from 1991-1992 produced images with 15-km resolution that 
showed the anomalies at both poles are concentrated in crater- 
size spots, many of which could be identified with known polar 
craters [5]. These radar results, with support from thermal 
studies (e.g., [6]), suggest the presence of thick deposits of 
cold-trapped volatiles (probably water ice) in the permanently 
shaded floors of polar craters. 

When the upgraded radar came on line in the spring of 
1998, we immediately trained it on Mercury to obtain im- 
proved images of the north pole. Data obtained in the sum- 
mers of 1998 and 1999 produced high-quality delay-Doppler 
images of that pole with resolutions of 3 and 1 .5 km, respec- 
tively [7]. Although these were conventional repeating -code 
observations (the long-code system was unavailable at that 
time), the Doppler aliasing had a negligible effect at the pole. 
One of the 1999 images is shown in Fig. 1. The order of 
magnitude resolution improvement revealed fine structure in 
the north polar features for the first time. This structure in- 
cludes highlighting and shadowing from central peaks, rim 


walls, and rim terraces. The circular features near the cen- 
ter of Fig. 1 indicate near-complete "ice" filling in the floors 
of these four craters, while the large crescent feature in the 
lower right (feature K) indicates partial ice filling confined to 
the sun-shaded area under the south rim of this laige (90 km 
diam.) crater. The sizes and locations of these and many other 
features are consistent with recent thermal models of insulated 
(buried) water ice in permanently shaded zones [8]. However, 
some of the smallest features seen in Fig. 1 and elsewhere 
fall in craters less than 10 km in diameter, which the same 
models suggest should not be capable of supporting even in- 
sulated ice. Another challenge to these thermal models is the 
discovery in the 1998-1999 images of several "ice" features 
at low latitudes between 71-75°N; while it is plausible these 
features are permanently shaded, the floor temperatures are 
still suffiently high to require very rapid burial by a protec- 
tive mantle. It is quite possible that the new radar results are 
merely pointing to limitations in our current understanding of 
ice maintenance in the Mercury environment and do not pose 
true problems for the water ice hypothesis. There still seems 
to be room for better understanding of sublimation at low tem- 
peratures, the diffusion barrier effects of thin mantles, the role 
of photodissodation and ionization in net ice loss, etc. 



Fig. 1 


Additional Arecibo observations have been and will con- 
tinue to be made of Mercury’s poles. Imaging observations at 
600-m resolution were made in 2000 and 1.5-3 km long-code 
observations were made in 2000 and 2001 from different sub- 
Earth aspects. Results of these observations will be presented. 
We also plan future observations of the south pole as the ob- 
serving aspect from Arecibo becomes more favorable. 
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Fig. 2 


Non-polar Features. The polar features were originally just a 
serendipitous discovery made in the course of Goldstone/VLA 
and Arecibo efforts to make full disk images of the planet, and 
especially of the hemisphere that was not "photographed" by 
the Mariner-10 spacecraft. The 199 1-1 992 results from these 
radars [3,4] revealed three major bright features in the unpho- 
tographed hemisphere, including two midlatitude features in 
the north and south near 345° W longitude, and a large equato- 
rial feature centered near 240° W longitude. The south midlati- 
tude, north midlatitude, and equatorial features have since been 
dubbed features A, B, and C, respectively [9]. Features A and 
B were insufficiently resolved by the Goldstone/VLA images 
to determine their nature, although Butler et al [10] referred to 
them provisionally as "impact basins" because of their rough 
circularity. Since then, improved Arecibo images based on 
the 1991-1992 data have revealed structure in these two fea- 
tures [9]. In these images feature A showed up unambiguously 
as a fresh, Tycho-class impact crater with a prominent ejecta 
blanket and ray system. Feature B had an entirely different 
appearance, showing a dark central "hole" surrounded by a 
brighter ring and a large amorphous halo. The combination of 
a small, dark center with a large, featureless halo is unusual for 


an impact feature (based on lunar radar comparisons), which 
raised the possibility that B is a large volcano [9]. However, 
bright crater rings with dark floors, albeit without the halo, 
are seen on Mercury as well as the Moon, so it is perhaps 
more likely that B is just an unusual impact feature. The large 
equatorial feature C shows some structure in both the Arecibo 
[9] and Goldstone/VLA images [10], but in neither case were 
there any diagnostic features suggesting an origin. Unlike A 
and B, there is no evidence of a central feature from C, nor are 
there any rays like those coming from A. 

An effort is cunrently being made to make improved im- 
ages of these features and other regions of Mercury using 
the upgraded radar. Long-code observations in the summer of 
2000 produced good images at the feature A/B longitudes with 
20-^s delay resolution (a factor of five improvement over the 
1991-1992 images). An example of an image from these data 
is shown in Fig. 2. This shows the raw delay-Doppler image 
averaged over one of the four observing days from that epoch. 
Feature A and its prominent rays can be clearly seen. Feature 
B can be seen just below and slightly left of A, although it is 
fainter and partially overlapped by foldover from A. The final 
image in planetary coordinates based on a full 4-day average 
will be shown at the meeting. I will also show the results 
of 10-/xs long-code imaging of this same region from recently 
completed observations in June 2001 . Long-code observations 
are also planned for July 2001 which will cover the longitudes 
of feature C and Caloris, and any results from those will also 
be presented. 
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Introduction: An important problem in the under- 
standing of Mercury’s history is the reconciliation of 
thermal evolution models with interpretations of its 
surface geology. This is true on two specific fronts 
regarding: (1) the surface contractional history (espe- 
cially as recorded in lobate scarps such as Discovery 
Rupes) [e.g., 1-3], and (2) the origin and significance 
of plains materials [e.g., 4-7]. 

Estimates of contractio nal s tra i n recorde d in the lo- 
bate scarps range between ~0.04 and 0.10% [2], the 
most recent analysis favoring valuesjiear the lower end 
of this range [3]. Such strain suggests -1-2 km of 
planetary radial contraction, yet thermal models [e.g., 
8] predict at least 2-6 times as much contraction. 

The origin of widespread intercrater plains and 
younger smooth plains and the nature of vole an ism on 
Mercury are points of some debate [2, 5-7]. On the 
basis of surface reflectance at visible, infrared and mi- 
crowave wavelengths, Mercury’s surface is inferred to 
be generally low in Fe 2+ [e.g., 5, 6 and references 
therein]. Some workers [5] have interpreted this result 
to mean that high-albedo regions (at visible wave- 
lengths) have a surface composition that is devoid of 
basaltic material. If this inference were true, desp ite 
the presence of Fe-poor lavas (e.g., some komatiites) 
on Earth, it would have profound consequences for the 
thermal evolution of Mercury. However, re-analysis 
of Mariner 10 color images illustrates that some plains 
units are spectrally distinguishable on the basis of their 
opaque mineral content and that these units are 
stratigraphically and morphologically consi stent with 
volcanic emplacement [6]. This result is contrary to 
some thermal models that suggest that volcanism is not 
an important part of Mercury’s energy budget [4]. 
APPROACH: Until new data are returned from the 

pending MESSENGER [9] and BepiColombo missions 
to Mercury, we can attempt to address this conundrum 
by bringing to bear recent understanding of how 
planetary mantles convect [e.g., 10]. In particular, we 
apply a model of coupled mantle convection and melt 
production [1 1] to Mercury. 

We model planetary thermal evolution via a param- 
eterized convection scheme, including core cooling and 
inner core formation [e.g., 12]. The thermal evolution 
is coupled to a model of partial melting [13]. Further- 
more, we calculate the thermoelastic stresses in a 
spherical shell with an inner radius evolving as a func- 


tion of elastic blocking temperature and a thermally 
and magmatically evolving interior volume. This inte- 
grated thermal, magmatic, and tectonic model allows 
comparison of evolutionary models and surface geol- 
ogy. 

Our thermal history calculations exploit a 1-D (ra- 
dial) model of convection in a spherical shell overlay- 
ing a spherical core. Mantle convection is parameter- 
ized with a relationship between the Rayleigh number 
and the Nusselt number [e.g., 14]. We include the la- 
tent heat energy of melting in the mantle energy bal- 
ance equation. Assuming complete extraction of melt, 
the latent heat is an energy sink for the mantle and an 
energy source in the crust. Additionally, we use recent 
scaling relationships for fluids with highly temperature- 
dependent viscosity. These relationships, in a regime 
known as stagnant lid convection, are likely appropri- 
ate for one-pTate planets with an immobile lithosphere 
over a convecting mantle [e.g., 10]. Instead of assum- 
ing a linear temperature profile through the lithosphere, 
we use a 1-D, adaptive remeshing, finite element 
scheme to solve the advection-diffusion equation. This 
scheme allows us to track the thermal thickening (or 
thinning) of the lid as well as introduce depth and tem- 
perature dependence for material properties such as 
heat production and thermal conductivity. 

Model surface strains are estimated by solving the 
equations of equilibrium for a sphere undergoing a 
temperature change. The outer, thick, elastic shell [15, 
cf. 16] is defined by the depth to an elastic blocking 
temperature (-950 K), which overlies an interior inca- 
pable of supporting shear stresses over geologic time. 
Internal (and shell) volume changes drive the genera- 
tion of surface strains. Such volumetric changes may 
be caused by purely thermal effects due to the thermal 
expansivity of mantle materials as well as phase 
changes, such as precipitation of an inner core and 
mantle melting. We sum the predicted strain rates from 
these sources and integrate in time to obtain cumulative 
surface strains during Mercury’s evolution. 

We use a simple, well-known model for the gen- 
eration of partial melt due to adiabatic decompression 
[13], using the phase relations for KLB-1 [17]. These 
results, especially at high pressures, are noticeably dif- 
ferent from previous parameterizations [e.g., 13], par- 
tially due to composition, but also to experimental 
technique [17]. While the composition of Mercury’s 
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mantle is poorly constrained [18], our approach pro- 
vides a starting point for studying the planet’s mag- 
matic history. However, differences between the KLB- 
1 and Mercurian mantle iron content should not seri- 
ously affect the results. Recent reviews of peridotite 
melting [19, 20] suggest that Mg content has a minor 
influence on the location of the peridotite solidus. 
Thus if the Mercurian mantle is dominated by peri- 
dotite, then terrestrial analogs may be applicable, de- 
spite the potential difference in mantle iron content 
between Mercury and Earth. 

Preliminary Results: Simple, back-of-the- 

envelope calculations illustrate the extraordinary limits 
that surface strain estimates may place on the internal 
evolution of Mercury. If all the observed strain in the 
lobate scarps [3] is due to simple thermal contraction 
of the interior due to cooling, then the interior cannot 
have cooled more than -60 K since the end of heavy 
bombardment (assuming a volume coefficient of ther- 
mal expansion of 3 x 10* 5 K' 1 ). Alternatively, we can 
bound the maximum size of the inner core that satisfies 
surface contractional strain assuming no thermal 
changes and that inner core precipitation initiated after 
the end of the heavy bombardment. With a volumetric 
difference between liquid and solid iron of 5% [1], the 
maximum inner core radius must be less than —800 
km. A combination of cooling and inner core forma- 
tion requires both the temperature change and inner 
core size to be smaller than these upper bounds. 

Using nominal rheological parameters for dry oli- 
vine in the Newtonian creep regime [21], internal heat 
generation provided by 26 ppb U and 120 ppb Th (we 
neglect K because of Mercury’s presumed refractory 
nature) [22, and references therein], a time-dependent 
convective regime [10], and an inner core with an ini- 
tial mass fraction of sulfur of 0.05 [1], we predict ac- 
cumulated contractional surface strains of -0.2-0.25% 
since 4 Ga. One possible mechanism for slowing inte- 
rior cooling, and hence the accumulation of surface 
strains, is to increase the strength of the mantle. An 
increase in the activation energy for creep of 10-15% 
brings predictions for accumulated strain in line with 
observations of -0.05-0.10%. However, such models 
include a period of global expansion extending up to 
3.5 Ga, evidence for which is not apparent in the geo- 
logical record. 

Preliminary models that include the generation of 
and extraction of melt from a peridotite-dominated 
mantle suggest that pervasive melting may have con- 
tinued up to 2.5 Ga and provided several tens of kilo- 
meters of crustal material. However, the bulk (75% or 
more) of the basaltic magma generation is limited to 
the period of heavy bombardment. 

Discussion, and the future: While the results are 
preliminary, certain aspects are robust. If the strain 


recorded in the lobate scarps records the majority of 
strain due to planetary cooling and contraction since 
the end of heavy bombardment, that cooling must have 
been limited and at a low rate, especially if inner core 
growth proceeded during that time. Nominal thermal 
history models suggest at least 2-5 times more surface 
contractional strain than is recorded in the lobate 
scarps imaged by Mariner 10. While it is conceivable 
that either our reference time for the end of the heavy 
bombardment is significantly in error or the unimaged 
side hosts proportionally more strain, recent work has 
shown that there is a possibility that long-wavelength 
folding of Mercury’s lithosphere [23] accommodated 
more strain than is presently estimated. Such Iong- 
wavelength folds could be of sufficiently low ampli- 
tude that they would be extremely difficult to discern in 
Mariner 10 images. However, such surface undula- 
tions should be observable in data to be returned from 
the laser altimeter on the MESSENGER spacecraft. In 
addition, if Mercury mantle is peridotitic as we have 
assumed, basaltic volcanism is to be expected. Late- 
stage volcanism may be relatively small in volume, 
however, and could be affected by global contraction 
of the lithosphere sealing off pathways to the surface. 

New data to be acquired by the MESSENGER and 
BepiColombo missions will provide important infor- 
mation relevant to these problems. The topographic, 
gravity, imagery, and compositional data to be returned 
all bear on our understanding of the history of the 
planet closest to the Sun. 
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The Mercury Dual Imaging System (MDIS) is part of the 
science payload to be flown on the NASA Discovery mission 
MESSENGER [1]. MDIS is comprised of wide- and narrow- 
angle cameras sensitive to visible wavelengths. The MEcury 
Surface, Space ENvironment, GEochemistry, and Ranging 
(MESSENGER) spacecraft will be launched in the spring of 
2004 aboard a Delta 2925H-9.5 rocket. MESSENGER will 
arrive at Mercury in the spring of 2009 to begin its year-long 
mission to study the planet. Prior to Mercury orbit insertion, 
the two Mercury flybys will provide imaging opportunities 
in addition to those during the mission orbital phase. Mis- 
sion goals are to produce a global monochrome map at 250-m 
average resolution or better and a color map at 2-km average 
resolution or better. The success of MESSENGER is strongly 
tied to developing a capable and robust spacecraft and science 
payload with minimal mass [2]. 

Mercury’s eccentric orbit poses a challenge to the design 
of the spacecraft, wlth the intensity of the solar radiation vary- 
ing from about 4.6-10.6 times the total irradiance falling on 
the Earth. Because of th is severe thermal environment, a sun- 
shade protects the spacecraft from direct solar illu mina tion, 
but strongly constrains its range of pointing. To compensate 
for this limited pointing capability, the dual cameras of MDIS 
are mounted on either side of a rotating platform, pivoted about 
a common axis as shown in Fig. 1 . The two cameras will be 


Figure 1 : Artistic rendering of MDIS. 

co-aligned to within the pointing accuracy of the spacecraft 
of 0.1°. The pivot platform design enables the instrument 
to acquire optical navigation (OpNav) images and star field 
calibrations, and greatly increases opportunities to image key 


features with minimal impact on spacecraft pointing. The 
nominal scan range of the platform is —40° in the sunward 
direction to +50° planetward. 

The wide-angle camera (WAC) has a 10.5° field-of-view 
(FOV) and consists of a refractive telescope using a dogmar- 
llke design having a collecting area of 48 mm 2 . A 12-position 
mulrispectral filter wheel provides color imaging over the spec- 
tral response of the CCD detector (395-1040 nm). Ten spectral 
filters are defined to cover wavelengths diagnostic of different 
surface compositions and have bandwidths from 10-40 nm. A 
medium-band filter provides fast exposures for high resolution 
imaging, and the last filter is panchromatic for OpNavs. In or- 
der to achieve diffraction limited image quality, residual chro- 
matic aberration is removed by varying the optical thickness of 
each filter, optimized for the center wavelength of the filter’s 
passband, as was done for the the Multi -Spectral Imager on 
the NEAR Shoemaker spacecraft [3]. The narrow -angle cam- 
era (NAC) has a 1 .5° FOV and uses a reflective design with 
a single medium-band filter with a passband identical to the 
one used in the WAC (650-850 nm). Both cameras have iden- 
tical detector electronics contained in a modular focal plane 
unit (FPU). Due to thermal constraints, only one camera will 
operate at a time. 

Protective covers for optical components are very desirable 
during ground-based testing, launch, and trajectory maneuvers 
requiring large thru ster bums . Howe ver, due to the severe mass 
limitations on MESSENGER, a conventional protective cover 
for MDIS was not practical. Instead, the critical first optic of 
each telescope can be protected by rotating the platform 1 80° 
from nadir, such th at bot h camer as look downward into the 
deck. This innovative approach ensures a circuitous path for 
any particulate or molecular contamination. Small incandes- 
cent bulbs are mounted in the base of the bracket to facilitate 
testing of the instrument in its stowed configuration. 

The base of the pivot assembly is made of an advanced 
composite material (graphite/cyanate ester fabric pre-preg). 
This was c hosen to m atch the material of the instrument deck, 
thus eliminating mechanical stresses due to differences in dif- 
ferential coefficients of expansion. The composite bracket 
assembly is thermally isolated from the spacecraft and the 
pivot platform. A rotary actuator is located on one side of 
the bracket, containing a stepper motor, resolver, and har- 
monic drive assembly. The stepper motor contains redundant 
windings so that the two fully redundant data processing units 
(DPUs) can independently control the motion of the pivot, 
enhancing the overall reliability of the pivot mechanism. 

The MDIS harmonic drive has a 100:1 gear-reduction re- 
sulting in an output step resolution of 0.075° . Harmonic drive 
gear reducers provide very precise pointing and high torque 
ratios at lower mass than comparable conventional gear sys- 
tems. These devices use a radial motion to engage the teeth 
of a flexspine and a circular toothed spline, rather than the 
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rotating motion of other gear systems. This motion allows for 
very high gear ratios and near zero-backlash performance. The 
baseline plan to move the pivot mechanism is to count pulses 
sent to the stepper motor. A low resolution resolver ensures 
no steps are missed during motion. Calibration of each output 
step of the pivot mechanism prior to launch, will provide ab- 
solute pointing knowledge of the pivot position to < 100 //rad, 
essential for elevation determination from stereo imaging. 

The bracket opposite the pivot actuator supports a bearing 
mount and a flexible diaphragm. A rotary feedthrough passes 
through a hollow shaft and provides all power, clocking con- 
trol, and data to the two FPUs, the filter wheel and its position 
sensor, and the heaters and temperature sensors on the pivot 
platform. Connections to the platform from the two redundant 
DPUs pass through an interface adapter box, mounted to the 
bracket and just below the rotary feedthrough. The adapter 
box switches between the DPUs in a master/slave configura- 
tion and converts the low-voltage differential signals from the 
DPU to single-ended signals. This approach limits the number 
of circuits needed to pass through the rotary interface. The 
< 1 W dissipated in the adapter box gets conducted into the 
spacecraft deck through a thermal strap. 

The two FPUs with their CCD detectors are passively 
cooled. Because the instrument payload is protected from 
direct solar illumination by the spacecraft sunshade, the ther- 
mal environment of the instruments is largely benign with 
the exception of short intervals during the 12-hour orbital pe- 
riod. The thermal design takes advantage of the eccentric 
orbit of MESSENGER around Mercury by radiatively cooling 
the pivot platform during most of an orbital period using a 
0.022 m 2 radiator. Near periapsis, the thermal flux radiated 
from the planet will be absorbed by this radiator and the instru- 
ment is designed such that the latent heat of the pivot platform 
does not allow the temperature of the cameras to rise above 
the maximum operating temperature of — 1 0° C. During the re- 
mainder of the orbit, the radiator cools the pivot platform and 
thermostatically controlled heaters limit the minimum operat- 
ing temperature to -40° C. There are two redundant survival 
heaters coupled to the pivot platform, with the setpoint for one 
configured to switch-on at the MDIS low operating tempera- 
ture, effectively making it an operational heater. Each image 
will include four columns of dark reference elements in order 
to correct for variations in operating temperature. 

In order to minimize mass, defocusing, and misalignment 
effects resulting from operating over a wide range of tempera- 
tures, the pivot platform and most of the components are made 
of magnesium. The two shafts supporting the rotating platform 
are made of titanium, selected for its relatively poor thermal 
conductivity. The instrument deck and the bracket will remain 
near room temperature. The entire instrument and bracket 
assembly are covered with multilayer insulating blankets. 

The design of the detector electronics is based on the CON- 
TOUR/CRISP instrument, and is identical for both the wide- 
and narrow-angle cameras. Because of the mass constraint on 
MESSENGER, the FPU electronics have been further minia- 
turized. The highly capacitive CCD is driven by custom de- 
signed hybrid circuits which significantly increase the compo- 
nent density in the FPU. A field-programmable gate array in 


each FPU provides the necessary clocking and control for each 
camera. The detector is an Atmel TH7888A CCD array with 
1024x 1024 pixels with built-in antiblooming control. The fill 
factor for the 14x 14 pm pixels is 71%. The maximum frame 
rate is 1 Hz with a frame transfer time of 3 ms. 

Optical navigation using MDIS is critical to the success 
of the MESSENGER mission. To increase the low-light sen- 
sitivity, the maximum exposure is approximately 9.9 s with a 
readout time of <1 s. Typical exposures will be ~ 100 ms. An 
autoexposure algorithm similar to that used on NEAR [3] will 
also be used regularly. 

Although the peak of the quantum efficiency of the CCD 
is only about 18%, the expected signals at Mercury are large. 
We have assumed a reflectance spectrum for Mercury to be the 
same as a laboratory spectrum of the Apollo 16 lunar sample 
62231 [4]. Telemetry limitations constrain MDIS rather than 
signal strength. The FPU electronics perform a conelated 
double sample of each pixel then digitize it to 12-bits resulting 
in a 12 Mb full image. At the expected acquisition rates of 
~100 images/day, the two 8 Gb solid-state recorders (SSR) on 
board would be filled in less than two weeks. MESSENGER 
is not equipped with a high gain antenna, and so downlink 
opportunities are less frequent. To reduce the image downlink, 
yet minimize the effect on the science return, a number of 
imaging and compression modes are utilized. 

On-chip pixel binning of 2 x 2 and 4 x 4 are available within 
the FPU. To simplify the interface between the FPU and the 
DPU, the binned and non-binned images appear identical in 
size by padding invalid pixels in the binned images with 
dummy values. A valid pixel gate is passed to the DPU to 
indicate when a pixel should be saved from within the serial 
data stream. Once the data are transferred to the DPU, they 
can be streamed directly to the SSR, or compressed in hard- 
ware using a variety of 12-to-8 bit lookup tables, differencing 
of adjacent pixels, and/or the FAST algorithm. These data are 
then sent to the SSR over a high speed link. The spacecraft's 
main processor (MP) can read both the hardware-compressed 
images as well as the raw images from the SSR. The MP 
can then perform additional binning, extract image subframes, 
and use much more sophisticated compression algorithms to 
substantially reduce the total downlink. 


References 

[1] S. C. Solomon et al. The MESSENGER mission to Mer- 
cury: Scientific objectives and implementation. Planet . 
Space Sci ., in press. 

[2] A. G. Santo et al. The MESSENGER mission to Mer- 
cury: Spacecraft and mission design. Planet. Space Sci., 
in press. 

[3] S. E. Hawkins, III et al. Multi- Spectral Imager on the 
Near Earth Asteroid Rendezvous Mission. Space Sci. Rev., 
82(l-2):3-29, 1997. 

[4] F. Vilas. Surface composition of Mercury from reflectance 
spectrophotometry. In MERCURY , pages 59-76. Univer- 
sity of Arizona Press, Tuscon, 1988. 


7/V A //"/?/ 

44 LPl Contribution No. 1097 


545247 


THEORETICAL ASPECTS OF MAGMA GENERATION, ASCENT AND ERUPTION ON MERCURY AND COM- 
PARISON WITH COMPOSITION AND MORPHOLOGY OF SURFACE FEATURES. James W. Head 1 and Lionel Wil- 
son 2 , 'Department of Geological Sciences, Brown University, Providence RI 02912 USA, department of Environmental Sci- 
ence, Lancaster University, Lancaster LAI 4YQ, UK. 


Introduction: Despite exploration of Mercury by Mari- 
ner 10, some fundamental questions remain about the basic 
surface processes on the planet. Did Mercury, like the Moon 
[1], experience crustal intrusion and surface extrusion, re- 
sulting in the formation of volcanic deposits and landforms 
during its early thermal evolution? Did secondary crustal 
formation occupy a significant part of the resurfacing history 
of Mercury as it did for the Moon? How did the environ- 
mental parameters associated with Mercury modify and 
change the geologic record and eruptions styles there, rela- 
tive to the Moon? And how can the better-known lunar rec- 
ord be used to address these issues? 

Fundamental questions remain as to whether there are 
any unambiguous signs of volcanism visible on Mercury's 
surface. This debate stems from the initial analyses of Mari- 
ner 10 monochrome images (~1 km / pixel over about half 
the planet). Workers identified the existence of widespread 
plains deposits, occurring as relatively smooth surfaces be- 
tween craters and as apparently ponded material, somewhat 
analogous to lunar mare units. It was proposed that at least 
some of these units were volcanic in origin [2-5]. Others 
argued that the plains deposits must be considered to be ba- 
sin ejecta, similar to those found at the lunar Apollo 16 
landing site [6, 7], raising the possibility that there are no 
identifiable volcanic units on Mercury (for a summary of the 
controversy see [8]). 

Recalibrated Mariner 10 mosaics made by combining 
images taken through various filters and having significantly 
increased signal-to-noise ratio have been interpreted to indi- 
cate that indeed color units correspond to mapped plains 
units on Mercury, and further that some color units are the 
result of compositional heterogeneities in the mercurian crust 
[9, 10]. From these new data, color units can be identified 
that correspond with previously mapped smooth plains de- 
posits. The dark blue material associated with the crater 
Homer exhibits diffuse boundaries consistent with fragmen- 
tal material emplaced ballistically, and a pyroclastic origin is 
favored. A similar deposit is seen northwest of the crater 
Lermontov; examination of the iron-maturity parameter and 
opaque index images reveal that the darkest and bluest mate- 
rial in this deposit is not associated with an ejecta pattern. 
The relatively blue color, high opaque index, and low albedo 
of these materials (for both areas) is consistent with a more 
mafic material, possibly analogous to a basaltic or gabbroic 
composition. A tentative identification of basalt-like mate- 
rial in this hemisphere [11] was made with Earth-based 
thermal IR measurements, whereas later microwave meas- 
urements were interpreted to indicate a total lack of areally 
significant basaltic materials on Mercury [12]. From the data 
currently available it is not possible to make an unambiguous 
identification of basaltic material or indeed of any rock type; 
however the spectral parameters, stratigraphic relations and 
morphology of various units are consistent with volcanically 
emplaced materials. Regardless of the mode of emplace- 


ment, the presence of the materials found around the craters 
Homer and Lermontov, and of the plains units identified 
above [9, 10], argues that significantly different composi- 
tional units occur within the mercurian crust and that at least 
some of them were emplaced during volcanic eruptions. 

Key questions are: Did Mercury, like the Moon, form a 
primary crust which served as a barrier to, and filter for, 
magma ascent? Did secondary crustal formation (e.g., 
analogous to that of the lunar maria) occupy a significant 
part of the resurfacing history of Mercury? Did basaltic vol- 
canism contribute to the resurfacing history of Mercury or 
did the formation of the iron core so alter the mantle geo- 
chemistry that other rock types dominate any eruptives? 
Does the tectonic history of Mercury (which exhibits signifi- 
cant global congressional deformation) mean that extrusive 
volcanism was inhibited or precluded by the state of stress in 
the lithosphere in its early to intermediate history? Will high 
resolution and global image data reveal presently lacking 
evidence for vents and landforms associated with extrusive 
volcanism? We address these questions through an assess- 
ment of the ascent and eruption of magma under mercurian 
conditions under a variety of settings. 

Theoretical considerations: It is commonly assumed 
that the large iron/silicate ratio of Mercury is the result of its 
early modification by a giant impact [e.g., 13-15]. The ex- 
tent of Mercury’s differentiation prior to this event is moot as 
regards surface features and surface chemistry if most of the 
original crust and much of the original mantle were stripped 
away and lost into the Sun [13], and much of the remaining 
crust and mantle were left as a molten magma ocean [13-15]. 
However, the extent of any early differentiation and the de- 
tails of the impact event ar e sign ificant for the sfze of the iron 
core and for the bulk compositions of the residual unmelted 
mantle and the postulated overlying magma ocean. In par- 
ticular, it is not automatically safe to assume that the mantle 
which is related to the present crust was very close to chon- 
dritic in composition/^ : - — ™ V n 5 

Whatever the composition of the mantle after the giant 
impact, there is uncertainty about the extent to which solid 
state convection could have proceeded in that mantle [13, 16, 
17]. The vigor of any convection that was occuring would 
have varied with time as a function of the ever-decreasing 
amounts of long-lived radioactive heat sources and the ever- 
increasing temperature difference across the mantle as a re- 
sult of the cooling of the overlying magma ocean. 

If convection in the mantle did take place, then partial 
melting should have occured and buoyancy forces should 
have been able to extract melts; these would have been of 
basaltic composition if the mantle where chondritic but 
clearly other compositions are possible [12]. Bodies of 
buoyant melt would have risen, probably diapirically, until 
they encountered one or other of two kinds of trap [18]. The 
first option is a density trap, i.e. a level at which melts be- 
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came neutrally buoyant on encountering less dense overlying 
rocks: the base of the crust is an obvious possibility for this. 
The second option is a rheological trap, i.e. a level at which 
the surrounding rocks are no longer able to deform in a plas- 
tic fashion fast enough to relax the stresses caused by the 
buoyancy forces. 

Magma present in a rheological trap will still in general 
be buoyant and may be able to rise further by opening a brit- 
tle crack in the overlying rocks, i.e. by propagating a dike. 
However, any dike which forms will have a limited vertical 
extent [18] and will pinch off from the main magma body 
when its length reaches a critical value determined by the 
density contrast and the ambient stress distribution in the 
host rocks [19]. Multiple such dikes may form [18], but they 
will stall at shallower depths if they encounter density traps. 

If the rheology of the rocks at all points around the pe- 
riphery of a magma body stalled at a rheological trap can 
support stresses, an excess pressure may be created in the 
magma body by density changes consequent on chemical 
evolution [1], Such evolution would be the consequence of 
fractional crystallization which could conceivably lead to 
supersaturation of any relatively insoluble volatile phase and 
gas bubble formation, and this could aid dikes in penetrating 
much further into the overlying rocks, thus overcoming den- 
sity traps to some extent [1]. A magma body stalled at a 
density trap may also acquire an excess pressure due to 
chemical evolution, enabling it to migrate to shallower 
depths, if the rocks surrounding it are elastic. 

The optimum mechanism for allowing mantle melts 
denser than the crust to penetrate to shallow depths as intru- 
sions or to erupt at the surface is to have a rheological trap a 
short distance below a density trap [18]. It is then possible 
for dikes to grow both upward into the crust and downward 
into the mantle (which behaves elastically on the short times- 
cales of dike propagation [18]) and to use the positive buoy- 
ancy of the melt in the mantle to offset the negative buoy- 
ancy in the crust [20]. 

How do these ideas relate to Mercury? If partial melt- 
ing began in the mantle while a magma ocean produced by a 
giant impact was still liquid, any melts rising buoyantly 
through die mantle that were also less dense than the magma 
ocean would, of course have mingled with the ocean. Any 
such melts denser than the ocean would have ponded beneath 
it, with perhaps some small amount of mechanical mixing 
occuring at the boundary. Only after the ocean had solidified 
could mantle melts penetrate the resulting crust, and then 
only under the circumstances described above. 

The complete range of possible density structures for 
Mercury after the solidification of any magma ocean, and of 
the consequent range of density contrasts between litho- 
sphere and possible mantle melts, is not very different from 
those that apply to the Moon. As a result the possible out- 
comes range from no magmas reaching the surface, through 
magmas reaching the surface only in topographic lows but 
otherwise stalling as (possibly shallow) intrusions, to cir- 
cumstances in which large volumes of magma reach the sur- 
face. The last option would be favored by the fortuitous 
proximity of rheological and density traps near the crust- 
mantle boundary and could be related to the widespread 
plains-forming units if these are in fact volcanic. Magmas 
formed by the chemical evolution of mantle melts in 


rheological traps would be the best candidates for the pyro- 
clastic deposits associated with the crater Homer. Ultimately 
these issues will only be clarified by better identification of 
the composition of surface units, currently rendered difficult 
both by the spatial and spectral resolution of available data 
and the complications due to space weathering of Mercury's 
surface [21]... 
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In accordance with “A Procedure for Determining 
the Nature of Mercury’s Core”(S.J.Peale, R.J.Phillips, 
S. C.Solomon, D.E.Smith, M.T.Zuber, presented at this 
conference) four parameters should be known to find 
out internal constitution of Mercury including the size 
and state of its core. Two of them, the obliquity and the 
amplitude of physical librations, are not known even 
roughly. MESSENGER mission includes solving this 
problem. In addition we consider an approach based on 
the radar speckle displacement effect. 

If we illuminate Mercury by a monochromatic radio 
wave then due to its rotational -progressive motion the 
spatial distribution (speckle pattern) of a reflected ra- 
dar field will run in a “freezed” state on the surface of 
Earth at a velocity of 200...300 km/s. From measuring 
this speckle velocity vector it is possible to calculate 
tangential (with respect to the line of sight) components 
of the instantaneous spin-vector of Mercury’s mantle. 

A variety of Earth-based communication and radio 
facilities are suitable for this goal. For example, near 
the May 2002 inferior conjunction of Mercury NRAO 
VLB A antennae at Pie Town and Hancock as the re- 
ceiving interferometer under Goldstone 3,5 cm illumi- 
nation may give one-look relative accuracy for the in- 
stantaneous tangential spin vector near to one.. .three 
parts in 100000 while for the spin-radar Gold- 
stone/Mauna Kea - Hancock it is by nearly another two 
times higher. This is well enough for obliquity. To 
measure librations one should repeat the experiment 
for 10... 15 days (a few minutes a day for each baseline) 
near the same inferior conjunction. Further improve- 
ments in accuracy are obtainable through using several 
inferior conjunctions and additional VLB A and large 
antennae at Arecibo, Green Bank, Madrid. 
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The interaction between energetic ions and a planetary 
atmosphere produces energetic neutral atoms (ENA) when an 
ion charge-exchange with a neutral atom, e.g., 

H+ + 0-+H + 0+. 

Since momentum is conserved the neutral will have the same 
velocity as the ion. A property of ENAs is that they, in the ab- 
sence of gravity, travel in straight lines since they, as neutrals, 
are unaffected by magnetic and electric fields. Thus, using an 
ENA imager it is possible to extract global information about 
the plasma and neutral populations that generated the ENAs. 
ENA imaging has successfully been applied for Earth’s mag- 
netosphere, the most recent example being NASA’s IMAGE 
mission. The next planet to be imaged in ENAs will be Mars. 
There are two ENA imagers, as parts of the ASPERA-3 instru- 
ment, onboard ESA’s Mars Express mission (launch 2003). 
Due to its global nature, ENA imaging is an attractive method 
of exploring the largely unknown Hermean exospheric and 
magnetospheric environment on future Mercury missions [1]. 

Given the phase space distribution of ions and neutrals, 
and the charge-exchange cross sections, one can compute ENA 
images. One purpose of such simulated images is to predict 
typical fluxes that can be expected, and thereby provide de- 
sign constraints for instruments. Simulated images can also 
help in interpreting large scale features in observed images. 
For a more detailed, quantitative, analysis of observed images 
one can use inversion techniques to extract parameters from 
a mathematical model. For Mercury, this is a challenging 
problem for future research. 

The key to successfully model the ENA production in the 
vicinity of Mercury is knowledge of the distribution of neutrals 
and ions. In this work we consider the problem of comput- 
ing the ion distribution near Mercury and present simulation 
results. The magnetic and electric fields are assumed to be 
external. The magnetic field is a scaled version of the Tsyga- 
nenko model of Earth’s magnetosphere. The electric field is 
the convected solar wind field. Then the Vlasov equation 

| + «-V,/ + v.V r / = P-Q, 

Ot 

governs the phase space distribution of ions and neutrals. The 
unknown distribution, or phase space density, function is f — 
f( r, v, f), where r is position, v is velocity and t is time. Then 
/ArAv is the number of particles in a small phase space 
volume element. The acceleration acting on the particles is 
a = a(r, v,t). For gravity we have a = — GM/|r| 3 r, where G 
is the gravitational constant and M is the mass of the attracting 
body. In the presence of electric, E, and magnetic, B, fields 
the Lorentz force gives a = q/m(E + v x B), where q and 
m is the charge and mass of each particle, respectively. The 
gradients, V v and V r , are with respect to the three velocity 
components and position coordinates, respectively. Sources 


and sinks are given by F = P(r, v,f) and Q = Q(r, v,f), 
e.g., PArAv is the number of particles produced in a small 
phase space volume element per time unit. 

The Vlasov equation is simply mass conservation in the 
six-dimensional phase space. When solving the equations we 
must specify particle sources and sinks, e.g., photoionization 
and charge -exchange. We also must specify boundary condi- 
tions at the outer simulation boundary and at the planet sur- 
face. Simulations of the ion distribution, with a photoionization 
source, have been done for Mars [2], and with a magnetotail 
proton source for Mercury [3]. The dimensionality of the 
problem require careful selection of the method to solve the 
Vlasov equations, otherwise the computational time or mem- 
ory requirement can be too large. A fast, and highly accurate, 
characteristic method of solving the Vlasov equations by in- 
tegrating backwards in time along the phase space trajectories 
is used. If only point values of the distribution are needed (as 
when generating simulated ENA images) the memory require- 
ment is minimal. When computing the global distribution, we 
use an adaptive, hierarchical, grid method to reduce memory 
requirements. We solve the Vlasov equations near Mercury 
for the ion distribution, with photoionization of neutrals as the 
ion source, and present the results of the simulations. Since the 
neutral and ion distributions are coupled by the the source and 
sink terms and the surface boundary condition, a topic of future 
research is to solve for the two distributions simultaneous. 

An interesting feature of Mercury is the presence of low 
energy (1-10 eV) neutral atoms (LENA) such as K and Ca, 
sputtered from the surface by precipitating magnetospheric 
ions. ENAs are usually considered to travel in straight lines. 
For LENAs we can not ignore the effect of gravity, due to their 
low velocity, and must take into account that they travel along 
ballistic trajectories. This complicates the task of deducing 
surface emissions from a LENA image. At these low veloci- 
ties the detector velocity will also affect the images. We show 
computed trajectories and simulated images of LENAs sput- 
tered from Mercury’s surface. The results indicate that it is 
possible to infer the local emission rates from a LENA image. 
The fact that LENAs follow ballistic trajectories can even be 
advantageous, since we can detect atoms emitted from the far 
side of the planet. 

References. [1] Barabash, S., A. Lukyanov, P. C:son 
Brandt, and R. Lundin, Energetic neutral atom imaging of 
Mercury’s magnetosphere. 3. Simulated images and instru- 
ment requirements, Planet. Space Sci. t in press. [2] Barabash, 
S., A. Lukyanov, M. Holmstrom, and E. Kallio, Energetic neu- 
tral atoms at Mars: Imaging of the oxygen escape. Submitted 
to J. Geophys . Res. [3] Lukyanov, A., S. Barabash, R. Lundin, 
and P. Cison Brandt, Energetic neutral atom imaging of Mer- 
cury’s magnetosphere. 2. Distribution of energetic charged 
particles in a compact magnetosphere, Planet. Space Sci ., in 
press. 
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DIURNAL VARIATION OF Na and K at Mercury. D. M. Hunten 1 and A.L. Sprague 1 , 'Lunar and Planetary 
Laboratory, The University of Arizona, Tucson, AZ 85721, dhunten@ lpl.arizona.edu. 


Introduction: We have published data showing a 
strong morning enhancement in the abundances of 
both Na and K [1]. Sprague [2, 3] has proposed an 
explanatation, that these elements accumulate on the 
cold, dark night side and are released in the morning as 
the surface warms up. Killen and Morgan [4] however 
present a derivation, showing that such a mechanism 
cannot produce any enhancement greater than a factor 
of 3. We show that their derivation contains a subtle 
error; when this error is corrected, no such limit exists. 
Their data do not show an obvious morning enhance- 
ment. The disagreement in the data is harder to under- 
stand; we suggest some possible explanations but do 
not come to any definite conclusion. 

The Derivation: The principal loss mechanism for 
Na is agreed to be photo-ionization followed by loss to 
the environment of the solar wind. Presumably some 
fraction of the ions are caught up in the magnetospheric 
tail and precipitated back to the surface where they are 
neutralized and either adsorbed on or implanted in the 
surface regolith. It is these atoms that Sprague [2] pro- 
posed to be released in the morning. In addition, there 
is a normal source which is assumed to be the same on 
AM and PM sectors. A simple continuity equation can 
be deri ved for this situation. The sunlit surface Js di- 
vided into morning and evening quadrants, and we 
write the corresponding mean column abundances a s_a 
and p. If the lifetime for atom loss is t and the fraction 
of emitted atoms recycled as ions to the night side is/, 
in steady state the continuity equation reads 
-a/z + p/z + fta + p)/r = 0 . 

The three terms represent the loss in the AM sector, 
the gain in this sector from the normal source process 
(using the fact that a/r = p/ r), and the recycling with 
efficiency f The solution is: 

(a-p)/(a+p) -f 
or a/p = (( l+f)/(l-fl- 

As / approaches unity, a/p approaches infinity, 
which is reasonable, because all atoms originating in 
the AM sector re-appear there and it does not matter 

what is in the PM sector. 

Why then do Killen and Morgan [4] find that the 
upper limit to the ratio is 3? In their formulation of the 
continuity equation the third term has the average of 


the AM and PM sectors (a + p)/2 instead of the total (<2 
+ p), and their result is: 

a/p = ((2+f)/(2-f). 

Now the value of a/p is 3 when / = 1 . 

That a large diurnal variation by this mechanism is 
possible does not prove that it is relevant, but there can 
hardly be any doubt that it must operate at least to 
some extent. 

The Observations: Sprague et al. [1] present the 
results of a 4-year observing program for Na abun- 
dances, and summarize the more limited results for K 
published by Sprague [2, 3], For both elements, a 
strong diurnal variation is found, with maximum in the 
morning. It is perplexing that the data sets of Potter 
and Morgan [5], Killen et al. [6] and Potter et al. [7] 
have not also exhibited this general character of morn- 
ing side high and l a te afte rnoon low Na and Kpglumn 
abundances. One opossibility is differe nce s ip ob- 
serving geometry and technique. The Sprague et aj. 
observations were typically near maximum elongation, 
with the planet in the vicinity of half illumination, so 
that results for early mornings and late afternoons on 
Mercury were obtained at different times. Most of the 
results quoted by Killen and Morgan as showing no 
diurnal effect were obtained with a solar telescope and 
may show the AM and PM sectors simultaneously. If 
a morning enhancement is largely confined to a narrow 
strip just after dawn, it could be easier to detect when 
observed from above the terminator than from above 
the subsolar region, and at times could be completely 
out of sight. 

The speculations summarized above make it clear 
that no really satisf acto ry explanation yet exists. Dif- 
ferences in observing style and size of data sets may 
contribute. For example the K observations discussed 
in Sprague [3] and the Na observations discussed in 
Sprague et al [2] were obtained with a long slit which 
was placed specifically on morning and afternoon lo- 
cations. When an E/W slit was used the data along the 
slit were divided into local time bins on Mercury. 
Potter, Morgan and Killen, who do imaging with an 
image slicer as well as slit spectroscopy, sometimes do 
not reduce their images to column abundance based on 
morning and afternoon, but rather focus attention on 
Na and K emission brightness which appears patchy 
and appears in different locations from observing pe- 
riod to observing period [8, 9]. Earlier slit measure- 
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ments were taken to study the effects of radiation pres- 
sure and possible line broadening [10]. 

Another factor that may be important is correction 
of data for "seeing smear". The data of Sprague et. al. 
[1] were all corrected for smear by modeling a trace 
across the continuum of each individual spectral image. 
The early published slit spectra of Potter and Morgan 
[8, 10]* and the few images that were published prior to 
1997, were not corrected for seeing However, a set of 
six Na images obtained in 1997 that were corrected for 
seeing smear and show the morning side, noon, and 
early afternoon portions of the planet do not show the 
maximum column abundance in the morning sector [7] . 
Thus, there must be more than one physical phenome- 
non controlling the distribution and maximum Na col- 
umn. Not enough K data are available to reach a simi- 
lar conclusion. 

Conclusion: The Sprague recycling mechanism 

can in principle explain a vey large morning enhance- 
ment of the Na and K abundances. Such enhancements 
are prominent in the observational data of Sprague and 
collaborators, but not in those of Potter and collabora- 
tors. Although many of the latter data sets may not be 
suitable for detection of the effect, the discrepancy is 
still very puzzling. 

References: [1] Sprague, A.L. et al. (1997) Icarus , 
129, 506 - 527. [2] Sprague, A.L. (1992) JGR, 97, 
18,257 - 18,264. [3] Sprague, A.L. (1992) JGR, 98, 
1231. [4] Killen, R.M. and Morgan, T.H. (1993) JGR, 
98, 23,589 - 23,601. [5] Potter, A.E. and Morgan, 
T.H. (1987) Icarus, 71, 472 - 477. [6] Killen, R.M. et 
al. (1990) Icarus, 85, 145 - 167. [7] Potter, A.E., Kil- 
len, R.M. and Morgan, T.H. (1999) Planet. Space Sci 
47, 1441 - 1448. [8] [Potter and Morgan (1990), Sci- 
ence, 248, 845 - 838. [9] Potter and Morgan, T.H. 
(1997) Planet. Space Sci,. 45, 95 - 100. [10] Potter, 
A.E. and Morgan, T.H. (1987) Icarus, 71, 472 - 477. 
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ON THE MODELING OF THE MERCURY-SOLAR WIND INTERACTION BY A QUASINEUTRAL HY- 
BRID MODEL. Esa Kallio, and Pekka Janhunen, Finnish Meteorological Institute, Geophysical Research, FIN-00101 
Helsinki, Finland \ (Esa.Kallio@fmi.fi, Pekka. Janhunen @fmifi). 


The Hermean magnetosphere is anticipated to have 
certain unique features compared with other planetary 
magnetospheres. The planet’s intrinsic magnetic field 
is strong enough to form a magnetosphere around the 
planet. However, it is not clear how the processes in the 
Hermean magnetosphere resemble the processes that take 
place in the other magnetospheres. Especially the ques- 
tions: How effectively the magnetosphere can shield the 
planet against the solar wind particles, how effectively 
the magnetosphere can store energy in the magnetotail, 
and how the interaction between the magnetosphere and 
the planet’s surface, which can take place because of the 
very tenuous atmosphere, are unknown. Modeling of 
the solar wind-Mercury interaction is therefore a chal- 
lenging problem because a physically realistic model 
should include processes between three highly different 
components: the solar wind, the magnetosphere, and the 
planetary surface. 

We have developed a 3-D quasi-neutral hybrid model 
to study the Hermean magnetosphere. The recently de- 
veloped self-consistent hybrid model, which has been 
used earlier to study the Mars-solar wind interaction 
[Kallio and Janhunen, JGR , 5617-5634, 2001], includes 
ions which are moved by the Lorentz force, while elec- 
trons are a massless charge neutralizing fluid. The model 


includes solar wind protons and planetary ions, say, Na + , 
or K + ions. Planetary ions are produce from two sources, 
by photoionization from a neutral corona, and by ion 
sputtering from the surface. A fully 3-D neutral corona 
density model, and fully 2-D (latitude and longitude de- 
pendence on the surface) ion emission model from the 
surface can be used. 

The hybrid simulation approach makes it possible to 
study several plasma physical processes in the vicinity 
of the planet that are difficult or impossible to model by 
other self consistent approaches, such as effects associ- 
ated with ion finite gyroradius, the velocity difference 
between different ion species, the large loss cone, or 
the non-maxwellian velocity distributionfunction. Es- 
pecially, the model can be used to study magnetosphere- 
planetary surface interaction because ions can precipi- 
tate to the surface. 

Our work has two primary goals. First, the global 
hybrid model will be used to study basic global plasma 
physical processes in the vicinity of Mercury. Second, 
it will provide a tool that will be used to optimize of the 
performance of an ENA instrument planned for Bepi- 

Colombo mission, and in the future for interpreting the 
measurements. ENA instrument will measure Energetic 

Neutral Atoms, ENAs. In the presentation we will show 
some preliminary results of our hybrid model runs. 
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IN SEARCH OF LUNAR LIKE RILLES ON MERCURY. A. Kereszturi (Department of Physical Geography, EdtvOs 
Lordnd University, H-1083 Budapest, Ludovika i 6 t 2., Hungary (E-mail: irodaweb@irodaweb.hu)) 


Introduction: Lunar rilles or rimae can be devided 
into two classes: 1. near staright tectonic structures and 
2. sinuous lunar rilles which are traces of ancient lava 
flows on the Moon’s surface [1]. They were carved by 
thermal erosion of lava flows and/or subsequent col- 
lapse of lava tubes on the mare basalt terrains of the 
Moon [2,3]. Because of the several connection between 
the surface and planetary evolution of the Moon and 
Mercury there is reason that on Mercury we can find 
rilles too. However only some rill like structures are 
published in the scientific literature [4]. It is interesting 
to search of rilles on Mercury because if we find some, 
comparing them with the Moon’s we can estimate some 
characteristics of the lava flows. 

Working method: 397 processed images [5] was 
surveyed with visual method looking for possible rilles. 
The images were made by the Mariner- 10 during its 
first encounter with 0,2-2 km resolution. The visual 
searching is somewhat subjective but up to date no 
better method is known. In the cases of possible rilles 
the picture code number was the reference code. In this 
work only their identification was the purpose, mor- 
phological comparison and morphometrical measure- 
ment - just like the survey of the second encounter’s 
images - will be realized in the future. 

We classified one structure as a possible rill if it 
satisfies the following criterions: 1. Both of the sun 
illuminated and shadowed side is visible. 2. Based on 
the illumination it is a negative relief structure. 3. It 
does not has exact straight alignment. 4. It does not cut 
across terrains with highly undulating relief. (One can 
expect lava flows only to lower terrains and not up- 
stream. Of course it is difficult to estimate the exact 
surface topography.) 5. It does not align with obvious 
tectonic structures (estimated by the surrounding tec- 
tonic pattern.). 6. The structure does not appear to be 
con nected c raters. 

General tendencies: In spite the upper mentioned 
there were many problematic cases in the identifica- 
tion. Great problems were the crater chains [6], and 
chain like structures wich are very frequent on Mer- 
cury. There were many connected depressions on the 
images. Based on the appearance we can devide the rill 
like but possible other kind of features into: 1. crater 
chains (sometimes consisting only two-three visible 
craters with linear structures connecting them), 2. pos- 


sible tectonic originated nearly straight fault like 
structures and low relief fold like structures. (The Ca- 
loris-basin has many rill like structures. They are not 
included here, and will be part of a future work.) Be- 
cause of the disturbing effect of the surrounding ter- 
rain, the rill-like structures were more easy to find on 
nearly plain terrains. During the survey we met with 
many interesting features, like domes, crater chains 
some mass movements etc. The great number of con- 
nected craters with somewhat sinuousing and flow-like 
structures may suggest a possible process related to the 
impact melts which may keep its fliud state somewhat 
after the impact in the hot mercurian surface circum- 
stances. This possible process will be discussed in a 
future work. 

Results: During the survey 70-90 possible rilles 
and another 50-100 very uncertain cases were found. 
(Fig. 1.: some examples are in the five row with white 
arrows at one or both end of the rilles. The two bottom 
image shows two lunar rilles for comparison (M/1: part 
of Schroter’s Valley, M/2: a rill between the craters 
Delisle and Diophantus) with same scale.) Most of the 
rills were around the limit of resolution so width were 
generally max. 1-2 km. The possible rill’s character- 
sitics: 1. Greater part of them were on smooth plains 
and on smooth crater infill plains. 2. It is difficult to 
follow them farther than 10-20 times of their width’s. 
3. Many rills are connected to crater like or elongated 
pits, some connected to several pits. 4. There are areas 
where the rill density is 2-3 times higher than the aver- 
age. In spite of their relative great number many of 
them can’t be taken for certain that it is a sinuosing 
lava cha nnel. Base on these res ults the rills on Mercury 
will be good subject to analyze the volcanic activity 
and behaviour of lavas. 

References: [1] Masurzky H., Colton G. W. EI- 
Baz F., (1978) Apollo over the Moon, NASA SP- 362. 
[2] Cameron W. S. (1964). JGR 69/2423-2430 [3TCarr 
M. H. (1974). The role of lava erosion in the formation 
of lunar rilles and martian channels. Icarus 22/1-23. [4] 
Martha An Leake The intercrater plains of Mercury 
and the Moon, Advances in Planetary Geology, NASA 
TM-84894. [5] Planetary Data System, United States 
Geological Survey. [6] Schevchenko V. V., Skobeleva 
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AR ATMOSPHERE: IMPLICATIONS FOR STRUCTURE AND COMPOSITION OF MERCURY'S 
CRUST. R. M. Killen 1 and T. H. Morgan 2 , ‘SwRI(6220 Culebra Rd., San Antonio, TX 78228), 2 NASA Hq (300 E 
St. SW, Washington, D. C.) 


We examine the possibilities of sustaining an argon 
atmosphere by diffusion from the upper 10 km of crust, 
and alternatively by effusion from a molten or previ- 
ously molten area at great depth. 40 Ar in the atmos- 
pheres of the planets is a measure of potassium abun- 
dance in the interiors since 40 Ar is a product of radio- 
genic decay of 40 K by electron capture with the subse- 
quent emission of a 1.46 eV y-ray. Although the 40 Ar in 
the earth’s atmosphere is expected to have accumulated 
since the late bombardment, 40 Ar in surface-bounded 
exospheres is eroded quickly by photoionization and 
electron impact ionization. Thus, the argon content in 
the exospheres of the Moon, Mercury and probably 
Europa is representative of current effusion rather than 
accumulation over the lifetime of the body. Argon 
content will be a function of K content, temperature, 
grain size distribution, connected pore volume and 
possible seismic activity. 

Although Mercury and the Moon differ in many de- 
tails, we can train the solutions to diffusion equations 
to predict the average lunar atmosphere. Then these 
parameters can be varied for Hermean conditions. As- 
suming a lunar crustal potassium abundance of 300 
ppm, the observed argon atmosphere requires equilib- 
rium between the argon production in the upper 9 Km 
of the moon (1.135xl0‘ 3 cm 3 s ') and its loss. Hodges 
et al. [1], [2] conclude that this loss rate and the ob- 
served time variability requires argon release through 
seismic activity, tapping a deep argon source. An im- 
portant observation is that the extreme surface of the 
Moon is enhanced in argon rather than depleted, as one 
would expect from outgassing of radiogenic argon. 
Manka and Michel concluded that ion implantation 
explains the surface enhancement of 40 Ar. About half 
of the argon ions produced in the lunar atmosphere 
would return to the surface, where they would become 
embedded in the rocks [3], [4]. Similarly, at Mercury 
we expect the surface rocks to be enhanced in 40 Ar 
wherever the magnetosphere has been open over time. 
Thus the measurement of surface composition will re- 
veal the long-term effects of solar wind-magnetosphere 
interaction. 

We first solve the diffusion equations for radiogenic 
argon and train the solutions for the lunar atmosphere. 
Then we use these solutions with the appropriate 
boundary conditions for Mercury. In order to deter- 


mine the porosity required to produce a given atmos- 
phere by diffusion, we used the equations for diffusion 
of argon through spheres of radius, a, with diffusion 
coefficient, D, for a time, t. We assumed a fractal dis- 
tribution of grain sizes, varying the distribution with 
depth to 10 km, where the connected pore space is as- 
sumed to cease. The grain size in lunar rocks has a 
fractal dimension of about 1.2, where 

n(l)=A(I/lo)‘ n . 

The mean grain size at the lunar surface varies from 
about 139 pm to 72 pm, but the median grain size can 
range from 48 pm to 800 pm depending on the sample 
(Heiken et al , 1991). The value of A was derived to be 
0.25, and n is 1.2 for the cumulative distribution. Partly 
for computational ease, we assume that the grains are 
distributed with a fractal dimension 2.5 for the differ- 
ential number per radius range. This is within the range 
of measured fractal dimensions for lunar soil samples. 
The distribution of sizes is assumed to be such that 

dn/dr= (r/rcf 25 . 

Once the argon has diffused out of the crystalline rock 
and into a pore space, the effusion to the surface is by 
Knudsen flow. This process is so much faster than dif- 
fusion that it can be considered instantaneous by com- 
parison. We investigate the implications of a range of 
diffusion coefficients, grain size distributions and con- 
nected pore volume with depth. 

We assume that loss of argon from the atmosphere is 
by photoionization and electron impact ionization. That 
fraction of argon in the atmosphere which is derived 
from the solar wind can be estimated by measuring 
"Ne. 

References: [1] Hodges, R.R., J.H. Hoffman, F.S. 
Johnson and D.E. Evans, (1973) Lunar Science Conf 
/V., Geochimica Cosmochimica Acta 3 Suppl. 4, 2855 
- 2864. [2] Hodges, R.R., Jr., and J.H. Hoffman (1974) 
Lunar Sci. Conf. V, In Geochinu Cosmochimica Acta 
3, 2955 - 2961. [3] Manka, R.H. and F.C. Michel 
(1971) Lunar Science Conf.U, Geochimica Cosmochim 
Acta Suppl. 2, 1717 - 1728. [4] Manka, R.H. and F.C. 
Michel (1973) In Photon and Praticle Interactions 
with Surfaces in Space (R. J. L. Grard, Ed.), 429-442, 
D. Reidel, Dordrecht. 
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MEASURING THE PLASMA ENVIRONMENT AT MERCURY: THE FAST IMAGING PLASMA 
SPECTROMETER. P. L. Koehn 1, 2 , T. H. Zurbuchen 2 , L. A* Fisk 2 , and G. Gloeckler 3 1 koehn@umich.edu, 
University of Michigan, Atmospheric, Oceanic and Space Sciences Department, Ann Arbor, MI 48109-2143, 
^University of Maryland, Physics Department, Space Research Group, College Park MD, 20742 


Abstract: The plasma environment at Mercury is a 
rich laboratory for studying the interaction of the solar 
wind with a planetary magnetosphere. Three primary 
populations of ions exist at Mercury: solar wind, mag- 
netospheric and pickup ions. An instrument to measure 
the composition of these ion populations and their three 
dimensional velocity distribution functions must be 
lightweight, fast, and have a very large field of view. 
Composition instruments, however, are traditionally 
bulky and massive. This provides an opportunity for 
miniaturization to reduce costs in both mass and power. 



Figure 1 - The FIPS entrance system is compact 
and lightweight, comparable to a soft drink can 
in size 

The Fast Imaging Plasma Spectrometer (FIPS) [1] 
is an imaging mass spectrometer proposed for, ac- 
cepted by, and expected to be launched aboard NASA’s 
MESSENGER spacecraft, a Mercury orbiter. This 
versatile instrument has a very small footprint, requires 
2W of power, and has a mass a full order of magnitude 
less than current, similarly performing systems. It 
maintains a nearly full-hemisphere field of view. 


equally suitable for either spinning or three-axis- 
stabilized platforms. Its unique cylindrical mirror en- 
trance system and position-sensing time-of-flight tele- 
scope allows the rapid imaging of phase-space and 
identification of particle species. For magnetospheric 
and planetary missions, where events happen on time- 
scales of minutes or even seconds, this is especially 
valuable. 


FTPS Performance Si 


Energy Acceptance 

0-20 kV/Q 

Energy Resolution 

3.8% 

Angular Acceptance 

~2n st 

Angular Resolution 

10° lat. And long. 

M/Q Resolution 

4 % 

Geometric Factor 

0.017 cm 2 sr 

Geometric Factor (pixel) 

7.8 x 10 5 cm 2 sr/pixel 

Voltage Scan Period 

-1 minute, 2s burst mode 

Mass 

1.4 kg 

Power 

2W 

Footprint 

140 cm 2 


This instrument has been extensively simulated 
with the ray-tracing software package Simlon [2]. A 
prototype of the entrance system has been constructed 
at the University of Michigan’s Space Physics Re- 
search Laboratory, and fully tested at the Goddard 
Space Flight Center Beam Facility. We will present 
and compare the results of simulation and testing of the 
FIPS prototype. It will show that the FIPS instrument 
is an ideal solution for measuring the plasma environ- 
ment at Mercury. 

References: 

[1] Zurbuchen, T. H., Gloeckler, G., et al., (1998), 
SPIE Conference Proceedings, Missions to the Sun II, 
International Society for Optical Engineering, 217-224. 

[2] Dahl, D., (2000) Idaho National Engineering 
Labs. 
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RESOLVED GROUND BASED OBSERVATION OF MERCURY. L.V.Ksanfomality Space Research Institute , 


A/ojcow. ksanf@iki.rssi.ru 

The results of investigations of astronomical 
climate in several observatories have shown that the 
amplitudes of scintillation (flicker) decrease for stars 
with higher frequency spectra (Ksanfomality and 
Shakhovskoy, 1967). This means that a short exposure 
may substantially improve the image resolution of 
planetary astronomical objects. The use of a high 
sensitivity CCD detector permits the exposure to be 
radically diminished. This improves the sharpness of the 
image, however it does not improve picture distortion. 
Nevertheless it is possible to find a low distortion picture 
amid many obtained in observations. 15 short exposure 
(10 ms) images of the planet Mercury were obtained in 
December 1999, with a zenith angle of 83-78°, at the 
Abastumany astrophysical observatory (Republic of 
Georgia), placed at an altitude 1700 m a.s.l. Only one 
image (wavelength 533 nm, AX = 24 nm) is of low 
distortion. The telescope was an AZT-11 (D = 1.25 m, F 
= 16 m). Mercury was at a geocentric distance of 1.007 
a.u., a heliocentric distance of 0.39 a.u. and had a phase 
of 76° . The coordinates of the subterrestrial point at 
03:30 UT, 3.12.1999 were 108°W, 2°26’S. The CCD 
pixel size was 12 by 14 mem. The photometric readings 
were about 1000 counts per pixel. 

All images are additionally distorted by 
refraction in their eastern parts. Despite the fact that the 
observations were made far from the zenith, about 80°, 
photometrical sections along the subterrestrial meridian 
show some details seen in the curve (Fig. 1). 



Fig. 1 . Comparison of the Mercury photometry along the subterrestrial 
meridian and a (cos cp) q model for the 76° phase. 

The suggestion was made that the details seen in the 
image reveal large blocks of Hermean surface, normally 
not seen in ground based images of Mercury (Vilas ex al , 
1988). Occasionally the phase of the planet and the 
subterrestrial point position were almost the same as 
when MARINER 10 encountered Mercury in 1974. This 


coincidence permits a comparison of the images obtained 
with the MARINER 10 data, proving the reality of the 



Fig. 2. Positions of large details on Mercury’s disk (a) in comparison 
with a MARINER 10 image of the planet (b) and a scheme of large 
blocks (c). 


details. The large dark area 1 was identified with crater 
Beethoven (20°S, 124°W, center). The three dark spots 2 
in the disk center and 120-140°W are also seen in section 
(b), as is spot 3. Spot 4 was tentatively identified with the 
Caloris Planitia (30°S, 177°W, center) partly seen in 
section (b). 

Conclusion. Using very short exposures for 
Mercury ground based observations allows resolved 
images of the planet to be obtained that are not available 
using any other ground based techniques. The image 
resolution is up to 0.4 arc sec instead of 1 to 1 .5 arc sec 
for a moderate sized telescope. The method has much in 
common with speckle interferometry. 
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There are two Mercury missions projects 
intended for nearest years, NASA’s 
‘Messenger’ (2004) and ESA’s 
‘BepiColombo’ (2009). The Merc ury 
Orbiter is the European Space Agency 
cornerstone. There are many aspects of 
Mercury which require further study such as 
the ori gin and composition of the regolit h, 
processes of surface cratering, the origin of 
the planet, its internal structure, its 
magnetosphere, its very rarefied atmosphere 
(exosphere), its orbital and r otation al 
dynamics, and its thermal history. Despite 
the signs found for presence of rock-types 
that widely distributed on the Moon 
(feldspathoids, anorthosites), the huge 
differences in the mean density and 
crust/mantle thickness of the two bodies 
point to peculiarities of Mercury's surface. 
There is a good evidence of past volcanic 
flows. The mid-infrared spectroscopy found 
indications of heterogeneous crustal 
composition that is FeO-poor — <3% and 
possibly feldspar-rich, with the possibility of 
low iron pyroxenes and alkali basalts. The 
only spectral near-infrared feature indicated 
at some longitudes (Vilas 1988) is a possible 
pyroxene absorption feature at 0.95 micron, 
which may be used to investigate the 
abundance distribution of FeO in the 
regolith (e.g., Lucey et al. 1995). Mercury 
reveals as a geologically interesting planet. 
It has abundant Na and K in a thin 
atmosphere which appears to have 
Mercury’s surface materials as its source. 
The physical properties of a regolith, its 
structure, grain sizes, refraction coefficient 
and even sizes of boulders may been 
estimated by methods of spectrozonal 
photometry (Ksanfomality and Moroz, 


1996) and polarimetry (Dollfus and Auriere, 
1971). It is possible that there are deposits of 
buried water ice and/or elemental sulfur. 
The re sults of the study of the structure, 
physical properties and composition of 
Mercury's regolith, may be used to detect 
principal features on the origin of Mercury. 
Thermal infrared spectra have features, too, 
indicating the possible presence of feldspars, 
pyroxenes and igneous nepheline-bearing 
alkali syenite. The wavelength of the 
thermal emissivity maxima indicate 
intermediate or slightly mafic rock types as 
well as considerable heterogeneity in 
composition (Sprague et al. 1997). The Fe 
absorption is used as a proxy for FeO, the 
abundance of which in the Hermean crust 
and mantle can be used to infer whether or 
not the planet accreted material from just a 
narrow feeding zone near its current 
heliocentric distance (Lewis, 1988; Wasson, 
1988). To a lesser extent, the physical 
properties of crustal layers may be 
associated with the strange magnetic field of 
the planet. The existence of Mercury’s 
dipole magnetic field may be the greatest 
challenge for the basic principles of the 
theory. There is the hypothesis on Mercury’s 
magnetic field appearing in light of the Mars 
remnant fields that have been found by 
MGS. The hypothesis states that the same 
data on the Hermean resulting magnetic 
field may be produced, at least partly, by 
separate magnetized blocks of crust with a 
random orientation of the field. 
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ELECTRIC FIELD DOUBLE PROBE ANTENNA FOR THE BEPICOLOMBO/MMO SATELLITE. 

H. Laakso, R. Grard, B. Johlander, D. Klinge, and J.-P. Lebreton, ESA Space Science Department, Code SCI-SO, 
Postbus 299, 2000 AG Noordwijk, The Netherlands (e-mail: Harri.Laakso@esa.int). 


Introduction: The Space Science Department of 
the European Space Agency has been developing dou- 
ble probe antennas for 30 years. The first antennas 
were successfully operated on the GEOS-1, -2 and 
ISEE-1 satellites in 1977-1982. The proved concept 
was also used for the NASA Polar satellite, launched in 
1996. However, it was quickly found on Polar that this 
type of antenna can be unstable in certain occasions. 
Based upon detailed studies, a new design was ap- 
proved for the four Cluster satellites, launched in sum- 
mer 2000. Now after one year of measurements, we 
know that the new sensor design is providing us with 
electric field observations of unprecedented quality. 
Therefore we are proposing to use the same proven 
technique on the BepiColombo/MMO satellite. 

Instrumentation: Electric field measurements are 
made with a double probe antenna that consists of a 
pair of electric probes that are placed on the tips of two 
opposing booms. On a spinning satellite the booms are 
made of a thin wire and can be quite long, of several 
tens of meters, in order to have the sensors in a low- 
noise environment. In addition, the high-quality qua- 
sistatic electric field measurements require that the pre- 
amplifiers are located close to the sensors, outside the 
main electronics compartment placed inside the satel- 
lite. This will be a challenge for a Mercury mission as 
the environment is very hot. Based upon an initial 
thermal analysis, however, we have been able to design 
a pre-amplifier box that can provide a pleseant envi- 
ronment for the instrument electronics. 

Scientific Objectives: The main variables moni- 
tored with a double probe antenna are the two- 
dimensional electric fields in the spin plane and the 
spacecraft potential where the latter is proportional to 
the electron density. These measurements are of fun- 
damental importance when the structure and dynamics 
of the Mercury plasma environment is studied. With 
such observations, one can investigate the problems 
related to acceleration of charged particles, plasma 
drifts and flows, plasma waves, and variations of the 
plasma density. These are important issues as we will 
attempt to understand the Mercury plasma environment 
and how it respond to the solar wind variations. 



AN ARTIFICIAL SEISMIC IMPACT EXPERIMENT ON BEPI COLOMBO. P 

LognonnS 1 , D. Giardini 2 , Y. Langevin 3 , and H. Mizutani 4 , 'institut de Physique du Globe 
de Paris (IPGP), 4 Avenue de Neptune, 94107 Saint Maur des Fosses Cedex, France 
(lognonne@ipgp.jussieu.fr), 2 Eid^enossische Technische Hochschule (ETH), Zurich, 
Switzerland, 4 IAS Orsay, France, 4 ISAS, Japan. 

The Bepi Colombo mission plans to deploy in 2012 a lander on Mercury. A seismometer 
is considered n the model payload. We propose to use the Solar Electrical Propulsion 
Module on each of the two spacecrafts to produce active seismic sources, in order to con- 
strain the thickness of the crust and possibly the thickness of the mantle. Assuming the 
impact position and time to be known by radio-tracking, the two events are needed to 
achieve a unique determination of both these thickness and mean shear and bulk veloci- 
ties. 

We propose different scenarios, where the lander is able to land up to four days in ad- 
vance of the impacts, with cost in AV of a few tens m/s. Only a ligh beacon is needed on 
the SEPM to achieve these scenario, with no change in the present design of the space- 
crafts. We compare the expected signals with those recorded during the Apollo missions 
by the impacts of the LEM, taking into account the improvements of sensors in term of 
sensitivity and bandwidth. We conclude with the expected results and error bars in the 
determination of the inner structure of the planet, from crust to core. A comparison with 
other geophysical methods is then done. 
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SPECIFIC CHARACTER OF THE FORMATION OF MERCURY AS THE DENSEST PLANET. A. A. 
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Chemogolovka, Moscow Region, Russia; e-mail: o.chaplygin@lycos.com). 


Earth-type planets were initially formed as giant 
planets, similarly to the planets of the group of Jupiter 
and simultaneously with the solar mass by the 
accumulation of aqueous-hydrogen planetesimals, 
which were similar by physical state to Pluto, Charon, 
and comets. Gravitational compression was 
accompanied by melting of the planets whose size 
increases with the approach to the Sun, with which they 
also similar in composition. 

Development of hydrogen-water-silicate liquid 
immiscibility in planets was accompanied by their 
layering to heavy cores and gigantic fluid envelopes. 
The impulses of high-spin motion of these envelopes 
resulted in separation of satellites under the action of 
centrifugal forces. Satellite density varies widely, 
growing with the approach to dense iron-silicate cores 
of their parental giant planets. The maximum density of 
satellites of the peripheral, remote from the Sun planets 
(Neptune, Uranus, Saturn) does not exceed 1,9 g/cm 3 , 
but for near-solar giant planets it reaches 3,5 g/cm 3 (Io, 
the satellite of Jupiter) and 3,3 g/cm 3 (Moon, the 
satellite of proto-Earth). 

In contrast to peripheral near-solar giant planets 
underwent surface degassing under the action of solar 
wind. Jupiter in this case lost the part of hydrogen of its 
fluid envelope, which can be judged from its 
anomalously high density (1,3 g/cm 3 ), almost two times 
higher than that of Saturn (0,7 g/cm 3 ). The giant 
planets located nearer to the Sun, completely lost fluid 
envelopes being transformed into terrestrial planets. 
They lost satellite systems because of decrease of 
gravity. Only relicts of their satellites (Moon, Phobos 
and Deimos) remained. Several dozens of analogues of 
near-solar giant planets (figure) was revealed in the 
last years (1995-2001) in the surroundings of the stars, 
similar to the Sun [1, 2, 3, etc.]. The degree of surface 
degassing of these planets is traced by the effect of the 
decrease of their massiveness with the approach to the 
stars [2]. 

Terrestrial planets initially were formed as iron- 
silicate cores of parental giant protoplanets 
simultaneously with the separation of lighter silicate 
material into their satellite systems. Cores were formed 
in the protoplanets in the sequence of the development 
of chondrite systems, starting with the iron meteorites 
(I) of the corresponding genetic groups: I (type 
Netschaevo) - HH-H-L-LL. This development 
was determined by the increase of H 2 O/H 2 ratio in the 
fluid envelopes of the protoplanets, which were 
undergoing degassing under the action of the solar 


wind. The development ceased at the different stages 
upon the complete degassing of planets in the sequence 
of moving away from the Sun. Proto-Mercury was the 
first giant planet, which lost its fluid envelope. 
Therefore Mercury has the most primitive composition, 
extremely rich in iron (I-HH). Furthermore the content 
in earth-type planets of nickel-iron phase is found in 
dependence on the degree of the development of their 
satellite systems. It increases with the approach to the 
Sun in the row: Neptune - Uranus - Saturn - Jupiter. 
The propagation of this regularity to the giant 
protoplanets of terrestrial group explains well the 
unique nature of Mercury, whose silicate phase to a 
considerable extent went away into the satellite system 
of its parental protoplanet, which the latter then lost. 



Figure. Planets of the Solar system and their 
satellites in comparison to the extrasolar planets. 1 - 
the Sun and analogous stars; 2 - brown dwarfs; 3 - 
fluid giant planets; 4 - terrestrial planets; 5 - molten 
iron-silicate core of Jupiter; 6 - the Jovian galilean 
satellites and the Moon; 7 - supposed lost satellites of 
proto-Earth and proto-Mercury; 8 - Pluto. M Jup - mass 
of Jupiter; AU - astronomical unit. Normal growth of 
the massiveness of planets with the approach to the 
stars is marked by an arrow, the decrease of their 
massiveness as a result of the surface degassing under 
the action of the stars is shown with connodes. 
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Evidence for a global magnetic field at Mercury [Ness 
et al. f 1974] has raised perplexing questions regarding the ex- 
istence and nature of the planet’s core (see [Schubert et al., 
1988] for a review). The problems related to Mercury’s core 
are of great interest because of their implications on how plan- 
ets evolve thermally and on how they generate magnetic fields. 
Peale [1988] showed that the measurement of four quantities 
could place constraints on the size and state of Mercury’s core. 
The required parameters in Peale’s experiment are the C 20 
and C 22 coefficients in the spherical harmonic expansion of 
the gravity field, the planet’s obliquity 9, and the amplitude 
<$> of the forced libration in longitude. While the gravitational 
harmonics are best determined from an orbiting spacecraft, 
Earth-based radar observations may provide refined estimates 
of the obliquity and amplitude of the libration. We describe 
several techniques and attempt to quantify their potential for 
the proposed measurements. 

fracking identifiable features 

A well-known and robust technique for estimating planetary 
spin states consists in tracking small features in radar maps 
of the surface [Evans and Hagfors, 1968], The locations of 
recognizable features as a function of time obviously depend 
on the orientation history of the planet. With the completion 
of the Arecibo upgrade, it should now be possible to obtain 
15-30 m resolution images of the front cap of Mercury at 
inferior conjunction. This may revive interest in the technique, 
although reliable estimates will require a long time baseline. 

Time-delayed interferometry 

Radar interferometry techniques rely on observations of the 
same scene at two nearly identical aspect angles. The success 
of this method relies on good correlation b etwee n the tyr'o im- 
ages, or equivalently that the observed “speckle” patterns are 
similar [Zebker and Villasenor, 1992]. Single-pass interfer- 
ometry consists in using two physically separated antennas, 
while repeat-pass or time-delayed interferometry makes use of 
the same antenna at two different times. Because the require- 
ments on the viewing geometry are extremely stringent, Slade 
et al. [1999] have suggested that the detection of interferomet- 
ric fringes on Mercury would place significant constraints on 
the obliquity and wobble. This technique is described in detail 
in [Slade et al., this meeting]. 


Speckle displacement effect 

An independent concept that relies on the same fundamen- 
tal principles has been proposed by Holin [1988, 1992]. The 


idea is to record monochromatic radar echoes at two sepa- 
rate locations and to cross-correlate them in the time domain. 
Highly correlated echoes will only be obtained when the same 
“speckle” pattern is observed at both stations, i.e. when the 
viewing geometry at antenna 1 and time t\ is the same as the 
viewing geometry at antenna 2 and time t 2 (figure 1 ). Measure- 
ments of the time delay t\ - £2 that maximizes the correlation 
provides information on the spin state of the target. 



scopes can observe the same location on Mercury under al- 
most identical viewing geometries, at slightly different re- 
ceive times. The time delay required to maximize the cor- 
relation between the echoes carries information about the spin 
state of Mercury. In this simulation, radar echoes from Mer- 
cury’s front cap detected at Arecibo on 2004-09-11 15:54:30 
are highly correlated to equivalent Goldstone echoes recorded 
~33 seconds later. Circles indicate the path at time incre- 
ments of one second, triangles show the locations of the tele- 
scopes. Calculations include light-travel times and the inter- 
vening motions of both planets. 


We computed the expected time delays for values of the 
obliquity and libration amplitudes given by [Peale et al., this 
meeting] and compared them to the case of Mercury with no 
librations and zero obliquity. The difference in time delays for 
Arecibo-Goldstone opportunities are at most ~4 milliseconds 
for longitude librations of amplitude ~30 arcseconds, with 
maximum sensitivity when the libration angle is near zero, i.e. 
when die rate of change in libration angle is maximum. We 
investigated the changes in time delay due to an obliquity of 2.6 
arcminutes with the following baselines: Arecibo-Goldstone, 
Arecibo-Madrid, and Goldstone -Green Bank Telescope. For 
the cases considered, the maximum difference in time delay 
was of order 30 milliseconds, with maximum sensitivity to the 
obliquity occurring when the baseline has a significant North- 
South component. 
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Mercury’s obliquity and librations: J. L. Margot et aJ. 


Radar instruments routinely measure ranges to fractions of 
microseconds, and the measurement of millisecond time de- 
lays would ordinarily not present a problem. However, closer 
inspection of the technique reveals two potential difficulties. 
First the peak in the correlation function will be broadened 
due to the fact that speckle patterns correlate over a finite 
range of aspect angles. The maximum spacing for adequate 
correlation is given by B cr it ^ RX/d [Zebker and Villasenor, 
1992], where R is the range to Mercury, A is the wavelength, 
and d is the extent of the scattering patch on the surface of 
Mercury. To first order, the width r of the correlation peak 
will be given by the time it takes for the speckle pattern to 
sweep over the distance £ cr it* r = Bcni! v ' Representa- 
tive values for observations at the Arecibo frequency of 2380 
MHz near inferior conjunction are d =500 to 1000 km, con- 
trolled largely by the roughness of the surface, v ~10G km/s, 
controlled by Earth and Mercury’s orbital and rotational mo- 
tions, and hence r ~ 100 milliseconds. Additional broadening 
of the peak arises because the time delay providing the best 
correlation varies significantly over the duration of the mea- 
surements themselves, because the location on the surface that 
provides the best correlation changes with time. We computed 
this broadening to be of order one millisecond per second of 
integration, hence a difficult tradeoff will have to be reached 
between measurement accuracy and signal-to-noise ratio. 

Measuring time delays to an accuracy of 4-30 millisec- 
onds with a 100 millisecond time resolution seems difficult. 
However, one cannot exclude that repeated measurement of the 
centroid of the correlation function would provide reasonable 
estimates of the time delay, and therefore improved values of 
Mercury’s obliquity and librations. 

Ephemeris-based estimates 

Harmon et al. [2001] report having to correct for range and 
Doppler offsets to properly align their imagery from run to run 
and from day to day. These problems are not related to instru- 
mental deficiencies but are related to imperfect predictions for 
Mercury’s range and Doppler time histories. The ephemerides 
could be inaccurate for a number of reasons: our knowledge 
of celestial mechanics and/or the equations in our models are 
imperfect, the orientation model for the Earth is imprecise, the 
location of the Arecibo Observatory on the surface of the Earth 
is poorly known, or the orientation model for Mercury is over- 
simplified. One would hope that the first three explanations 
can be discarded or at least compensated for, leaving the ori- 
entation model for Mercury responsible for residual errors. If 
ephemerides were re-generated with a non-zero obliquity, and 
if the corrections showed the extensive collection of images to 
be a more consistent data set, then a good approximation to the 
obliquity would be obtained. Harmon et al. [1994] reported 
that an obliquity of zero resulted in minimum smearing when 
summing 15 km resolution images. The availability of images 
at ten times better resolution may warrant a re-examination of 
this effect. 


Focus-based estimates 

A closely related technique relies on a focus measure of in- 
dividual images. Since incorrect parameters for the obliquity 
would result in image defocusing, it may be possible to im- 
prove the spin parameters by maximizing the sharpness in the 
imagery. 

Conclusions 

Several radar-based techniques have the potential of improving 
estimates of Mercury’s obliquity and amplitude of longitude li- 
brations. Because of the significant impact that those measure- 
ments may have on important problems in planetary science, 
the most promising techniques should be pursued vigorously. 
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MASCS is one of seven science instruments aboard the MESSENGER spacecraft, which will orbit Mercury 
beginning in 2009. It consists of a small Cassegrain telescope that simultaneously feeds a scanning grating 
Ultraviolet- Visible Spectrometer (UWS) and a fixed grating Visible-InffaRed Spectrograph (VIRS). 

The UWS will measure the composition and structure Mercury’s exosphere, study its neutral and coronal 
gas, and search for and measure ionized atmospheric species. These measurements will contribute to our 
understanding of the processes that generate and maintain the atmosphere, the connection between surface 
and atmospheric composition, the transport of volatile materials on and near mercury, and the nature of the 
bright radar-reflective materials at its poles. 

The VERS will measure surface reflectance from 0.3 to 1.4 micrometers with a spatial resolution - 5 km. 
This wavelength range contains spectral signatures of Fe++, Ca Silicates, Ti02 and FeO. These measure- 
ments will be combined with multispectral images obtained with the Mercury Dual Imaging System and 
elemental composition measurements from the MESSENGER Gamma Ray and X-Ray Spectrometers to 
determine composition and study the effects of space weathering on the surface. 

In this presentation we describe the capabilities of the MASCS, its measurement and science objectives, and 
how those objectives help to answer the key science questions that defme the MESSENGER Mission. 



1 



Mercury Workshop 2001 63 


IDENTIFICATION OF MERCURIAN VOLCANISM: RESOLUTION EFFECTS AND IMPLICATIONS FOR 
MESSENGER. S. M. Milkovich and J. W. Head, Department of Geological Sciences, Brown University, Providence, RI 
02912. 


Introduction: Ever since the arrival of Mariner 10 at Mercury 
in 1974-5 there has been debate over the existence of volcanic 
features on the surface of the planet. Mercury has two types of 
plains, smooth and intercrater. Through comparisons with lunar 
mare, many researchers have concluded that these plains were 
formed through volcanic processes [1, 2]. Others consider that 
they are closer to some of the lunar light plains formed by crater 
ejecta [3]. The identification of landforms typical of extrusive 
volcanism (e. g. domes, shields, sinuous rilles, calderas, flow 
fronts) is key to resolving this debate. 

Work by Maiin [4] indicates that the viewing geometry of 
Mariner 10 may have been insufficient for the identification of 
such volcanic features. He addressed this issue by analyzing lunar 
images under Mariner 10 resolutions (~l-2 km) and various light- 
ing conditions (0-30°) for volcanic features. Since the mercurian 
images are at about the same resolution as pre-1964 Earth-based 
telescopic images of the Moon, Maiin used such images from the 
Consolidated Lunar Atlas [5] with approximately the same view- 
ing conditions as the Mariner 10 data. Maiin was only able to 
identify lunar volcanic domes and flow fronts under these condi- 
tions, and found that volcanic features cannot be identified in 
images with sun elevation angles above 25*. Due to the limited 
coverage of mercurian plains at low sun angles (only 15% of the 
surface was imaged with sun elevation angles < 20* [4] while 
smooth plains were identified in 40% of the images, or 1 8% of the 
surface [6]), Maiin was not surprised that volcanic landforms have 
not been identified on Mercury. He concludes that the only way 
to identify volcanic landforms in the Mariner 10 data is to look 
near the terminator. In such images he identifies two possible 
volcanic domes on Mercury; these are positive topographic fea- 
tures which are reminiscent of lunar domes but are near scarps 
and other structural features. Recent recalibration of Mariner 10 
color data has allowed identification of several features spectrally 
similar to volcanic flows and pyroclastic fissure eruptions [7], 

The question of the mode of formation of the mercurian plains 
remains unanswered. The upcoming MESSENGER mission to 


Mercury will address this question [8], The MESSENGER mis- 
sion will meet the resolution and lighting geometry conditions 
necessary for identification of any lunar-like volcanic features on 
Mercury. 

A Lunar Analog: The Moon makes a useful analog for Mer- 
cury. Mare basalt deposits are the primary volcanic feature on the 
Moon and are often compared to the mercurian plains [1,2], 

Lunar Volcanic Features . A wide variety of landforms are 
associated with the lunar maria [9]. These include regional dark 
mantling deposits which are interpreted to be caused by pyroclas- 
tic eruptions. Glass beads from these eruptions are spread tens to 
hundreds of km. Sinuous rilles are often associated with these 
deposits as well as the maria; these rilles are meandering channels 
generally an order of magnitude larger and often much more sinu- 
ous than terrestrial lava channels. They are thought to be sites of 
eruptions and thermal erosion. Lava flow units are mapped on the 
basis of topographic, albedo, and color boundaries but individual 
flows are usually hard to identify due to impact degradation of 
individual flow unit boundaries [9]. Flow fronts are more easily 
identified in near-terminator images [10]. About 50 small shield 
volcanoes (3-20 km basal diameter) are identified but no shields 
larger than ~20 km are seen [11]. Such volcanoes with diameters 
over 50 km are common on Earth, Mars, and Venus; this differ- 
ence is attributed to the lack of lunar shallow neutral buoyancy 
zones affecting eruption processes [9, 12]. Also conspicuous in 
their absence are calderas ; these represent shallow magma reser- 
voirs at shallow neutral buoyancy zones. Finally, several volcanic 
complexes with unusual concentrations of the above features are 
seen; these are likely sites of multiple high-volume eruptions and 
the source regions of much of the surrounding lava. The Marius 
Hills area [35,000 km 2 ] contains 20 sinuous rilles and over 100 
domes and cones while the Aristarchus Plateau/Rima Prinz region 
[40,000 km 2 ] contains 36 sinuous rilles [13]. We assess the de- 
tectability of such features under MESSENGER viewing geome- 
try and lighting conditions. 



Fig. 1 . Hadley Rille (~25 N, 3 E) at Multiple Resolutions. A) 100 m/pxl B) 500 m/pxl C) 2.5 km/pxl. All images from the Clementine Lunar Basemap. 
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Observations . Three important volcanic sites were selected 
for this study representing the range of volcanic features described 
above. The volcanic complexes of Marius Hills (~12 N, 310 E) 
and Aristarchus Plateau/Rima Prinz (~25 N, 315 E) and the 
Apollo 15 landing site near Hadley Rille (~25 N, 3 E). Images 
were taken from the Clementine Lunar Basemaps at lOOm/pxI, 
500m/pxl, and 2.5km/pxl resolutions. For comparison, the aver- 
age resolution of Mariner 10 images was 1.5 km/pxl [6] while the 
anticipated average resolution for MESSENGER is 250 m/pxl [8]. 

Fig. 1 shows the three images for Hadley Rille, a 120 km 
long, 1.5 km wide sinuous rille located at the edge of Mare Im- 
brium. la and b show the rille at 100 and 500 m/pxl resolution 
respectively; it is clearly identifiable in both although its outline is 
pixelated in the second image. However, at 2.5 km/pxl resolution 
(Fig. lc) the rille is not recognizable. Similar results are obtained 
from the other study sites; at 500 m/pxl the major features are still 
recognizable while the smaller ones are lost, and at 2.5 km/pxl 
even the major features are indecipherable. The majority of 
Mariner 10’s images fall into a range of resolutions where some 
large volcanic features could be identified but others would not. 

Fig. 2 shows two ground-based telescopic images of Marius 
Hills taken at different colongitudes. The image in Fig. 2a has a 
higher sun elevation angle (26*, [4]) and shows faint topographic 
features; however, it is difficult to interpret these features. In 
comparison, Fig. 2b was taken at low sun elevation (6\ [4]) and 
clearly contains domes and ridges. The only difference between 
these images is sun elevation. Thus, lighting conditions are an 
important factor in identifying volcanic features in images. Near- 
terminator images from Mariner 10 were examined, but no vol- 
canic features were found. 

Implications for MESSENGER. One of the major scientific 
goals of the MESSENGER mission is to determine the formation 
history of the surface of Mercury [8]. An important aspect of this 
is the role of volcanism in Mercury's history; MESSENGER 
needs to be able to search for volcanic landforms under suitable 
resolutions and viewing geometries to correctly address this issue. 
This requires adequate coverage of the planet at the resolutions 
and viewing geometries outlined above. 

MESSENGER will build up a full global mosaic in the first 6 
months after achieving orbit and cover the planet with stereo im- 
ages at - 250 m/pxl in the second 6 months. Since the spacecraft 
will be in an ellipti cal orbit, the narr ow angle imager wjll be us ed 
during high altitude to achieve global monochrome image mosaics 


with an average 250 m/pxl resolution [Table 1], The orbit itself 
starts in a dawn-dusk configuration and moves through noon- 
midnight back to dawn-dusk many times during the mission [8]. 

Will this allow volcanic landforms to be identified? Most of 
the imaged 45% of the planet is covered with plains that may be 
volcanic in origin [6]. In the first 6 months the spacecraft will 
cover ~50 % of the surface from near dawn-dusk orbits. Even if 
the only plains of possible volcanic origin are the ones already 
observed, this orbit geometry will allow imaging of a portion of 
such plains under conditions favorable to the identification of 
volcanic landforms. In addition, MESSENGER multispectral 
imaging and spectrometer data will permit further assessment and 
characterization of candidate volcanic plains [8, 14], 


Instrument 

No. Polar Zone 

Mid Zone 

Far Zone 

Narrow Angle 

- 

< 125 m/pix 

< 500 m/pix 

Wide Angle 

< 125 m/pix 

< 500 m/pix 

< 1 000 m/pix 


Table 1. MESSENGER image resolution. After [8]. 


Conclusions: Both resolution and viewing geometry 
play an important role in what sorts of features are visible in an 
image. To successfully identify volcanic features such as those on 
the Moon both low sun angle (~10*) and ~500 m/pix resolution or 
better are needed. While Mariner 10 did not cover a significant 
portion of Mercury within these requirements, MESSENGER will 
be able to do so. The question of the existence of volcanism on 
Mercury must wait until then to be addressed more confidently. 

References: [1] Murray B. C. et al. (1975) JGR, 80, 
2508-2514. [2] Strom R. G. et al. (1975) JGR., 80, 2478-2507. 
[3] Wilhelms D. E. (1976) Icarus, 28, 551-558. [4] Malin M. C. 
(1978) Proc. LPSCIX, 3395-3409. [5] Kuiper G. P. et al (1967) 
Consolidated Lunar Atlas Tuscon: Univ. of Arizona. [6] Spudis P. 
D. and Guest J. E. (1988) in Mercury. Vilas F. et al, ed. Tucson: 
Univ. of Arizona Press, 118-164. [7] Robinson M. S. and Lucey 
P G. (1997) Science, 275, 197-200. [8] Solomon S. C. et al. 
(2001) Plan. Space Sci., in Press. [9] Head J. W. and Wilson L. 
(1992) Geochem. et Cosmochem. Acta, 56, 2155-2175. [10] Head 
J. W. and Lloyd D. D. (1973) NASA Spec. Pub 330, Sect. 4, 33- 
39. [1 1] Head J. W. and Gifford A. (1980) Moon and Planets, 22, 
235-258. [12] Head J. W. and Wilson L. (1991) GRL, 18, 2121- 
2124. [13] Whitford-Stark J. L. and Head J. W. (1977) Proc. 8 th 
Lunar Sci. Conf, 2705-2724. [14] Robinson M. S. and Taylor, G. 
J. (2001) Met. And Plan. Set., 36, 8 4 1 - 8 4 7, 



Fig. 2. Two Views of 
Marius Hills (-12 N, -310 
E) from Groundbased Tele- 
scope. The crater Marius 
(left of center) is 45 Ion in 
diameter. A) Sun angle 26’ . 
B) Sun angle 6*. Resolution 
approximately 2 km/pxl [4]. 
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Introduction: The well investigated size- frequency 
distributions (SFD) for lunar craters may be used to 
estimate the SFD for projectiles which formed craters 
on terrestrial planets and on asteroids [1]. The result 
shows the relative stability of these distributions during 
the past 4 Gyr. The derived projectile size-frequency 
distribution is found to be very close to the size- fre- 
quency distribution of Main-Belt asteroids as compared 
with the recent Spacewatch asteroid data and astro- 
nomical observations as well as data from close-up 
imagery by space missions. It means that asteroids (or, 
more generally, collisionally evolved bodies) are the 
main component of the impactor family. A cratering 
chronology model is established which can be used as a 
safe basis for modeling the impact chronology of other 
terrestrial planets, especially Mercury [2, 3]. 

Impact rate comparison: We compare impact 
rates on the moon and Mercury using the following 
procedure: we calculate impact velocities and prob- 
abilities for observed Earth crossers and Mercury- 
crossers with various limiting magnitudes. In this work 
we used the list of osculating orbits “astorb.dat” as it 
was presented on http://asteroid.lowell.edu In February 
2000. 

The Opik formulas (refined by Wetherill [4] for the 
general case of elliptic orbits both for a target and a 
projectile) are applied for all bodies crossing the orbits 
of the moon and Mercury. For each target (Mercury or 
the moon) and projectile (PCA) the impact probability 
and impact velocity are calculated. The total impact 
probability and the average impact velocity give num- 
bers necessary to compute the cratering rate. Fig. 1 
compares impact velocities on the moon and Mercury. 

Production function: Using the lunar impact cra- 
ter chronology [5] we derive a similar analytical ex- 
pression for Mercury taking into account the difference 
in the number of panet-crossers. The Neukum produc- 
tion function (NPF) is approximated as a polynomial 
function similar to the lunar NPF: 

Coefficients are listed in the Table 1; the fit is valid 
for 15 m < D < 362 km. 

The coefficient ao in the Table 1 is calculated for a 
crater retention age of 1 Gyr. It corresponds to the cu- 
mulative number of craters larger 1 km 


N( 1) = 10* 3016675 = 9.62 10^ km* 2 
Using the same time dependence as for the moon 
one can propose a similar time dependence for Mer- 
cury: 

N( 1) = 6,.5 10’ 14 (exp(6.93 T) - 1) + 9.62 lO 4 T 
Table 1. Coefficients for the Mercurian NPF 


n 

a n 

0 

-3.016675 

1 

-3.627417 

2 

~ 6.038601 10 01 

3 

1.026714 

4 

-3.767761E 10' 03 

5 

-4.204364 10' 01 

6 

-3.223500 10‘ 02 

7 

8.044575E 10-° 2 

8 

3.170165 10 03 

9 

-6.733922 lO' 03 

10 

1.334403 lO" 04 

11 

1.428627 10' 04 


Using the polynomial fit one can construct similar 
equations for N(10km) and 7^(3 Okm): 

N(1Q)/N(1) = 0.00421 
N(30)ZN(1Q) = 0.271 

Figure 2 presents Mercury/moon cratering rate ratio 
based on Neukum Production Function (NPF). Fig. 3 
compares direct measurements and size-frequency dis- 
tribution SFD (the “lunar analog") calculated with the 
polynomial coefficients listed in Table 1 . 

Conclusion: The general conclusion from several 
models described above is that the impact cratering 
rate on Mercury seems does not differ more than ±50% 
from the lunar cratering rate in the same diameter bins. 
However the shift of crater diameters and diameters of 
strength/gravity and simple/complex crater transition 
change the shape of the Mercurian production function 
in comparison with the lunar PF. 
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The less frequent asteroid impacts on Mercury do 
not result in much lower cratering rate: the larger im- 
pact velocity increases the crater size in comparison 
with the impact of the same body on the moon. Finally 
the cratering rate Mercury-moon ratio varies in the 
range of 1.0 to 1.3 depending on the steepness N(D) 
distribution. 

References: [1] Neukum G., Ivanov B. and Hart- 
mann, W.K. (2001) ‘Cratering Records in the Inner 
Solar System in Relation to the Lunar Reference Sys- 
tem’, In: Chronology and Evolution of Mars, ISS1 , 
Kluwer (in press). [2] Ivanov B. A. (2001) 
‘Mars/Moon Cratering Rate Ratio Estimates’, ibid, 

[3] Hartmann W.K and. Neukum G. (2001) ‘Cratering 
chronology and the evolution of Mars’, ibid. 

[4] Wetherill (1987), J. Geophys. Res . 72, 2429-2444. 

[5] Neukum G. (1983) Habilitation Dissertation , 
Ludwig-Maximilians Univ. Munchen, Germany, 186 
PP^- 




lm pact velocity .km s" 1 


Fig. 1. The impact velocity distribution of the. moon 
and Mercury projectiles (fraction of impacts per inter- 
val of 1 km s' 1 ). 
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Fig. 2. The Mercury-to-moon ratio of N>D 



Fig. 3. The mare surface in the Cal oris basin is one 
of few areas suitable for production function measure- 
ments of small to intermediate-sized craters on Mer- 
cury. The figure compares direct measurements and 
calculated SFD (the “lunar analog”). The good coinci- 
dence of these data shows a definite similarity of pro- 
jectile SFDs on the Moon and Mercury in the projectile 
diameter range from 1 to ~ 100 km with a steep part for 
smaller craters and the ^R-minimum” for craters with 
D~8 km. The age of the Caloris basin is comparable to 
the age of the Orientale basin. 
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Introduction 

The topography of Mercury is poorly known, with only 
limited radar and stereo coverage available. However, radar 
profiles reveal topographic contrasts of several kilometers over 
wavelengths of ~ 1000 km (Hannon & Campbell 1988). The 
bulk of Mercury’s geologic activity took place within the first 
1 Ga of the planet’s history (Spudis & Guest 1988), and it is 
therefore likely that these topographic features derive from this 
period. On Earth, long wavelength topographic features are 
supported either convectively, or through some combination of 
isostasy and flexure. Photographic images show no evidence 
for plume-like features, nor for plate tectonics; I therefore 
assume that neither convective support nor Pratt isostasy are 
operating. 

The composition and structure of the crust of Mercury 
are almost unknown. The reflectance spectrum of the surface 
of Mercury is similar to that of the lunar highlands (Vilas 
1988), which are predominantly plagioclase. Anderson et 
ai. (1996) used the observed centre-of-mass centre-of-figure 
offset together with an assumption of Airy isostasy to infer a 
crustal thickness of 100-300 km. Based on tidal despinning 
arguments, the early elastic thickness (T«) of the (unfractured) 
lithosphere was <~ 100 km (Melosh 1977). 

Thrust faults with lengths of up to 500 km (Watters, sub- 
mitted) and ages of about 4 Ga B.P. are known to exist on 
Mercury. Assuming a semicircular slip distribution and a typ- 
ical thrust fault angle of 10°, the likely vertical depth to the 
base of these faults is about 45 km. More sophisticated mod- 
elling gives similar or slightly smaller answers (Watters, pers. 
comm., 2001). The depth to the base of faulting and the elastic 
layer are usually similar on Earth (Maggi et al. 2000), and 
both are thought to be thermally controlled. Assuming that 
the characteristic temperature is about 750 K, the observed 
fault depth implies that the heat flux at 4 Ga B.P. is unlikely 
to be less than 20 mW m~ 2 for a linear temperature gradi- 
ent. For an elastic thickness of 45 km, topography at 1000 km 
wavelength is likely to be about 60 % compensated (Turcotte 
& Schubert 1982). There are thus likely to be considerable 
lateral variations in crustal thickness. 

Theory 

If topography is supported by variations in crustal thick- 
ness, pressure gradients exist which may cause the lower crust 
to flow, thus reducing the topography. An expression for the 
characteristic relaxation time due to lower crustal flow was ob- 
tained by Nimmo & Stevenson (2001). Their approximations, 
however, break down if heating occurs entirely from within 
the crust. In this case, the temperature T{z) is given by 

rr y 2 

T(z) = T‘ + ^jf (D 

where H is the internal heat generation rate, z is the depth 
(measured downwards), K is the thermal conductivity and T t 
is the surface temperature. The viscosity r/ of most materi- 


9 

7716 

3.76 

radius 

km 

2440 

mantle thickness 

km 

610 

Ap 

kgm~ z 

500 

Q 

fcjmor 1 

500 

K 

Wm^K- 1 

3 

T. 

K 

400 


Table 1 : Mercury parameters used in model. 

als is strongly temperature-dependent and obeys an Arrhenius 
relationship which may be written as 

7/ ~ exp ~ ’j* ex P (^) ■ 

with z now measured upwards from the base of the crust. 
Here T b is the temperature at the base of the crust, is the 
viscosity at this depth, Q and R are the activation energy and 
gas constant, respectively, and 5 is the characteristic channel 
thickness given by 

Using the standard Navier-Stokes equation for creeping 
flow in one dimension and applying continuity, the time con- 
stant for lower crustal flow under internal heating t# is given 

by , 

where k is the wavenumber (=27r/ A), Ap is the density contrast 
between crust and mantle and g is the acceleration due to 
gravity. The expression for the time constant under basal 
heating is identical except for a different numerical constant, 
but S then depends on the basal heat flux rather than H (Nimmo 
& Stevenson 2001). 

A dry diabase rheology (Mackwell et al. 1995) is assumed, 
since this is the strongest of the likely crustal materials. If the 
crust is indeed mainly composed of plagioclase, maximum 
crustal thickness estimates will be reduced. The effective vis- 
cosity is calculated from the usual stress-strain relationship, 
assuming a constant stress of 10 MPa (appropriate to a topo- 
graphic contrast of ~ 1 km). A characteristic wavelength of 
1000 km is assumed; other values are given in Table 1 . 

The nature of the heat flux on Mercury is not well known. 
The heat generated is thus assumed to be a factor C times the 
terrestrial heat generation rate at 4 GaB P. , using the radiogenic 
abundances of Sun & McDonough ( 1 989). The heat generation 
is assumed to take place either entirely within the crust, or 
to be distributed uniformly throughout the crust and mantle. 
The relaxation timescale is then calculated for different crustal 
thicknesses. 
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Introduction: Space weathering processes are known to 
be important on the Moon. These processes both create the 
lunar regolith and alter its optical properties [1,2,3]. Like the 
Moon, Mercury has no atmosphere to protect it from the 
harsh space environment and therefore it is expected that it 
will also incur the effects of space weathering [3]. However, 
there are many important differences between the environ* 
ments of Mercury and the Moon. These environmental dif- 
ferences will almost certainly affect the weathering processes 
and the products of those processes. It should be possible to 
observe the effects of these differences in Vis/NIR spectra of 
the type expected to be returned by MESSENGER. More 
importantly, understanding these weathering processes and 
their consequences is essential for evaluating the spectral 
data returned from MESSENGER and other missions in or- 
der to determine the mineralogy and the Fe content of the 
Mercurian surface. 

Mercurian Environment: Because of its proximity to 
the Sun, Mercury has a flux of impactors 5.5 times that of the 
Moon [4]. This flux coupled with its greater density makes 
Mercury more efficient at creating melt and vapor. Per unit 
area. Mercury will produce 13.5 times the melt and 19.5 
times the vapor than is produced on the Moon [4]. Mercury 
has a magnetic field that will protect its surface from charged 
particles, reducing the solar wind flux at the planet by a fac- 
tor of 160 vs. the lunar environment [5]. The combination of 
these factors then means that melting and vaporization due to 
micrometeorites will dominate space weathering on Mercury 
with little or no solar wind sputtering effects [3]. Further- 
more, agglutinitic glass-like deposits and vapor deposited 
coatings should be created much faster and more efficiently 
on Mercury. 

The nanometer-scale metallic Fe particles (npFe 0 ) that 
are ubiquitous in the rims and agglutinates of lunar soil [6] 
should also be present on Mercury. In the lunar case forma- 
tion of npFe 0 is largely derived by vapor fractionation and 
sputtering of local FeO-bearing material. Neither process 
requires a H-saturated surface [3]. Even for the endmember 
case where the surface of Mercury has no native FeO, the 
iron brought in by meteorites would be sufficient to make the 
formation of npFe 0 through vapor fractionation an important 
process on the planet. Amounts as small as 0.05wt % npFe 
is enough to affect the optical properties [2]. The size distri- 
bution of metallic Fe particles in a soil strongly controls the 
effects on the Vis/NIR spectrum. The smallest particles 
(<5nm) will tend to redden the soil while larger particles 
(>10nm) will cause darkening [7,8]. 

The Mercurian environment is also unique in our solar 
system because of its extreme temperature range. Due to its 
slow rotation and proximity to the sun, equatorial regions of 
Mercury can achieve temperatures above 700K during the 
day, while nighttime temperatures can dip below 100K. 
These conditions have important effect on diffusion in glass 
and crystal growth. 

Weathering on Mercury: What, if any, effects might 
Mercury’s unique environment have on space weathering 
products? The possibilities fall into two groups: (\) Forma- 
tion processes - What weathering products are formed on 
Mercury and how do they compare to those on the Moon? (2) 


Evolution processes - Do the products of space weathering 
change as they are exposed to the Mercurian thermal regime? 

Formation Processes: Melt products produced from mi- 
crometeorites which impact in the night will look similar to 
those observed in lunar soil. The only difference should be 
the rate of formation. Agglutinitic glass and vapor should be 
forming at a much faster rate. In a mature lunar soil, aggluti- 
nates make up as much as 50-60% of the soil. A mature soil 
on Mercury probably has little, if any, original crystalline 
material remaining. 

On the day side of Mercury, the cooling regime for mi- 
crometeorite impacts is going to be somewhat different. 
Because the base temperature during the day is significantly 
higher, the cooling rate will be slowed compared to the night 
side (and the Moon). The slower cooling rate will allow 
more time for crystallization and make it difficult to form 
quenched glass. ’’Agglutinates” as we understand them from 
lunar soil, may look very different under these conditions if 
there is sufficient time for the melt to crystallize. Likewise, 
we might expect rim material (vapor coatings) to be mi- 
crocrystalline. Perhaps the most important effect that we 
should expect is that die Fe-particles in both the agglutinate- 
like material and vapor deposited rims formed during the 
elevated daytime temperatures will have time to grow to 
larger sizes. 

Evolution processes: Lunar-like agglutinates and vapor 
deposits formed during the night will eventually be exposed 
to the heat of the Mercurian day. The thermal regime on 
Mercury may have significant effects on the npFe 0 . Regard- 
less of whether these products were created in the day or 
night, they will be exposed repeatedly to extended periods of 
the 400°C+ temperatures of Mercury’s day. 

Due to differences in free energy between curved sur- 
faces, npFe 0 particles in a glass matrix will tend to coarsen 
via a process well known in material sciences, Ostwald ripen- 
ing. This process could be acting o n the M oon as well, al- 
though, in the lunar case the rate of growth is probably much 
to slow to be perceptible. Because the growth rate is de- 
pendent on temperature, the process should be considerably 
faster on the day side of Mercury than it is on the Moon. 
During the course of a Mercurian day, the soil at the hottest 
parts of Mercury will stay above 400° C for about 2 weeks. 
This increased temperature may be enough to allow the 
npFe 0 particles to grow significantly. A vapor deposition 
experiment of Hapke et al [9] demonstrated that heating 
npFe°-rich vapor coatings to a temperature of 650°C for just 
one hour is sufficient to remove the ferromagnetic resonance. 
This presumably occurs because particles of the npFe 0 have 
grown to be larger than the range that is measured by FMR 
techniques (4 - 33 nm in dia. [10]), suggesting that the size of 
those particles tripled or quadrupled in the course of the ex- 
periment. 

Determining the rate of Ostwald ripening on Mercury is 
difficult due to a lack of experimental data. The equation for 
this process is given below along with estimations of values 
for each variable. The least constrained, and most important 
variables are D, the diffusion coefficient, and a, the surface 
energy. Considering a wide range of values for these, we 
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have attempted to bound the possible range of grain growth 
through time (figure 1). 



ro — original size of Fe particles = 3 nm = 3x10 9 m [6] 
xji = fraction of npFe 0 in rim coating = 0.1 [3] - 0.01 
x/s = fraction of glass = 1 

D = diffusion coef. of Fe in glass = 10' 17 -10' 19 m /s 
Q — molar volume of Fe = 7.09x1 0‘ 6 m 3 /mol 
a — surface energy =0.01-100 mJ/m 2 
T - average temperature on Mercury = 400K 
I = thermodynamic factor * 1 
t-to = time of exposure 



time (s ) 1/3 

Figure 1. Possible range of effects of Ostwald ripening with 
time at the equator of Mercury. 


Even our most conservative estimates indicate that Ost- 
wald ripening should have a significant effect on some Mer- 
curian soils, doubling the size of the npFe 0 in a matter of 
centuries. Of course, with increasing latitude, there is less 
heat available and the thermal regime becomes much more 
lunar-like where Ostwald ripening will have little or no ef- 
fect. Our data is too limited at this point to predict the lati- 
tude where that transition will occur. Clearly work needs to 
be done to constrain the rate of growth and to understand the 
temperature dependence of this process. 

Discussion: Ostwald ripening and the earlier described 
effects of slower cooling for day side impacts should com- 
bine to result in larger Fe particles, on average, near the 
equator. Since smaller npFe 0 particles cause reddening and 
larger ones result in darkening, if Ostwald ripening domi- 
nates over npFe 0 production, we should expect the spectral 


continuum to be darkest near the equator and become some- 
what redder with increasing latitude. 

Our current spectral data set for Mercury is very limited. 
Most of our spectral data is telescopic [11], largely providing 
an integrated disk view, masking any possible latitudinal 
variations, as well as regional differences. Also hidden are 
maturity differences that we might expect to find at young 
craters. Recently, though, the surface was mapped over the 
wavelength range 550-940nm at roughly 200km resolution 
by the Swedish Vacuum Solar Telescope [12]. Also, two 
filter data was taken during the Mariner 10 flyby, which con- 
firms that spectral differences exist on a regional scale [13]. 
These data do not reveal major latitudinal trends, which is 
not surprising given the limited spatial and spectral resolu- 
tion of the data. 

The shape of the continuum influenced by npFe can 
provide information about the Fe -content of a soil. Observa- 
tional [2], experimental [14], and theoretical [3] data show 
that the shape of the spectral continuum of lunar soils 
changes systematically with npFe 0 content. Thus, for high 
latitude areas that have not been significantly affected by the 
processes described above, it should be possible to determine 
the amount of npFe 0 present. The amount of npFe 0 can then 
be used to constrain the total amount of iron in the soil. 

Conclusions: If we can understand the weathering envi- 
ronment on Mercury, than we can predict what the space 
weathering products will be. By combining these predictions 
with an understanding of the optical effects of weathering 
gleaned from laboratory studies of lunar soil, we hope to 
estimate the total Fe on the surface of Mercury and to pro- 
vide the necessary tools for evaluation of mineralogy for 
future missions. 
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BepiColombo, a mission to Mercury initiated by 
the European Space Agency (ESA), is scheduled for 
launch near the beginning of the next decade. Our 
team proposes to contribute an instrument package to 
the Mercury Polar Orbiter (MPO) which combines a 
camera and a laser altimeter. The camera portion of 
the instrument, inherited from the HRSC (High 
Resolution Stereo Camera) on Mars Express, is a 
multiple line scanner, operated in the pushbroom 
mode. The scanner (Table 1) is proposed to have nine 
line sensors, 5128 pixels each, oriented perpendicular 
to the spacecraft’s motion. Three of the sensors are 
pointed forward, nadir, and backward, respectively, to 
collect stereo data. Other sensors are designed to 
obtain image data at multiple phase angles, or in 
color. From a periapsis height of 400 km, the camera, 
operating at a scan rate of approx. 300 Hz, will obtain 
a ground pixel size of 10 m. The laser will operate at 
e.g. 1 Hz, its clock being precisely synchronized with 
the scanner. The science goals of the instrument are 
in the general reconnaissance as well as geoscientific 
studies of the planet (Table 2, see also abstract by 
Wagner et al., this meeting). 

Observations of the libration of Mercury are 
among the foremost goals of BepiColombo, for which 
our instrument is uniquely suited. Owing to the slow 
rotation rate of the planet, image data from adjacent 
orbits will have good overlap (>50%) near the 
equator, which is essential for the tracking of 
Mercury’s librations. The typical data analysis will 
include the automatic extraction of large numbers 
(estimated > 25,000 per orbit) of triple-tiepoints 
between the stereo images using digital image 
matching techniques. These tiepoints, in combination 
with the range measurements by the laser allow us to 
accurately model the orbit and attitude of the 
spacecraft, surface topography, as well as rotation of 
the planet. For the analysis, the synchroneous 
operation of the laser and the camera is essential, as 
this will allow us to directly obtain the image 
line/sample coordinates of all laser surface reflection 
points (>5000 per orbit) and include them in the 
analysis. 

We simulated data acquisition and analysis for 
triple stereo image swaths of 30 minutes near 
pericenter and generated a set of 100 triple-tiepoints 
(in practice this number will be much larger, see 
above). The camera parameters described above and 
the nominal parameters of the spacecraft’s polar orbit 
were adopted. The results of our model suggest that 
one can determine the orientation of Mercury’s 
rotational axis within less than 1 degree after one 
orbit. Our current model assumes that unbiased 


inertial spacecraft trajectory data are given and suffer 
from random errors only. 

Table 1: Instrument Package Summary 


Laser Altimeter: 

-oper. altitude: 400-1500 km 
-typical shot rate: 1 Hz 

-vertical (relative) resolution: < 1 m (expected final 
absolute accuracy: 40 m) 

-pericenter shot spacing: 3000 m (apocenter: 2170 m) 
Multiple -Line Scanner: 

-9 CCD lines (3 high-res/stereo; 2 photometric; 4 
color) 5128 pixels each 
-pixel size: 7 pm 
-focal length: 280 mm 

-pericenter swath width: 51.28 km (apo.: 192.1 km) 
-pericenter pixel size: 10 m (apocenter: 37.45 m) 
-pericenter scan rate: approx 300 Hz 


Total weight of combined instrument (including 
digital units): 12.5 kg 

Table 2: Key Science Issues 
General Reconnaissance 

-explore "other" hemisphere, not seen by Mariner 10 
-obtain global images at uniform resolution < 200 
m/pxl in "full" color j — • v 

-carry out high-resolution imaging in selected areas 
< 10 m/pxl (2-5% of surface). 

Surface Geology 

-update the global inventory of multi-ring structures 
and young ray craters 

-determine the shape of the mercurian production 
function in the crater diameter range from basin sizes 
down to meter-sized craters 
-carry out detailed crater size-frequency 
measurements on geologic units at smaller crater 
sizes, e.g. on ejecta blankets of large craters or basins 
in order to further refine the time-stratigraphic 
system 

-carry out inter-planet comparisons. 

Surface properties, landforms, and geological 
processes 

-determine photometric properties of surface 
materials (albedo, porosity, roughness, etc.) by using 
images under a wide range of phase angles 
-resolve origin of inter-crater and low-land plains 
units (volcanicversus ejecta) 


i 
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-search for volcanic domes or rilles for undisputed 
evidence of volcanic activity 

-investigate detailed stratigraphy in selected areas by 
mapping on high resolution imagery. 

Geodesy / Precision Cartography 
-determine overall shape, such as ellipsoid 
parameters and COM/COF offsets 
-measure the orientation of the spin axis; 

-determine precession and librations 
-map global topography at absolute spatial and 
vertical precision better than 200 m and 40 m, 
respectively 

-map high-resolution topography (2-5% of total 
area) at (relative) spatial and vertical resolution of 
better than 20 m and 1 m, respectively. 

Planetary Interior 

-measure moments of inertia to obtain constraints for 
Mercury's deep interior 


-update global inventory of thrust faults to obtain 
constraints on the planet’s thermal history 
-measure heights and dip angles of thrust fault to 
estimate the amount of globalcontraction 
-analyse topography and gravity data to derive 
thickness and compensation state of the crust. 

Mineralogy 

-carry out global multispectral mapping at resolutions 
of 200 to 1000 m/pxl 

-map spectral units associated with impact craters 
and their ejecta in order to define the vertical zoning 
of material units, making use of craters as windows” 
into the mercurian crust 

-determine origin inter-crater and low-land plains 
units (volcanic versus ejecta) 

-evaluate effects of space weathering. 
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The Neutral Particle/ENA Detectors on board the ESA 
BepiColombo mission to Mercury has the purpose to 
investigate the Hermean exospheric composition, the 
interaction of the solar wind between both the 
magnetospheric plasma and the planet surface. By 
applying unfolding techniques, with this instrument we 
can detect the thermal particles of the exosphere and 
energetic neutral atoms generated via charge-exchange or 
sputtering processes. In particular it will be possible; 

(a) to obtain in-situ measurements of the exospheric 
composition and density; 

(b) to investigate the surface composition of the 
planet and the global exospheric characteristics, 
by analyzing the massive sputtered particles; 


(c) to study the exospheric dynamical evolution 
through ENA remote sensing; 

(d) to image the magnetospheric plasma flow 
patterns and the variations occurring during 
disturbed periods by observing the short time 
fluctuations of the ENA signal; thus providing 
crucial global information necessary for the 
interpretation of simultaneous in situ ion 
measurements; 

In the present paper, some details of the scientific merits 
and technical aspects of this instrument are briefly 
presented and discussed. 
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A PROCEDURE FOR DETERMINING THE NATURE OF MERCURY’S CORE. S. J. Peale, Dept, of Physics, U. of Calif. 
Santa Barbara, CA, 93106 (peale@io.physics.ucsb.edu), R. J. Phillips, Dept of Earth and Planet. Sci. Washington U„ St. Louis, 
MO 63130, S.C. Solomon, DTM, Carnegie Inst., Washington, DC 20015, D.E. Smith, Earth Sci. Dir., NASA/GFSC, Greenbelt, 
MD 20771, M.T. Zuber, Dept. Earth, Atm., Planet. Sci., MIT, Cambridge, MA 02139. 


We review past assertions that the determinations of the 
four parameters, C 20 , £* 22 ? are sufficient to determine 
the size and state of Mercury’s core (Peale, 1976, 1981, 1988). 
C 20 and C22 are gravitational harmonics, 6 is Mercury’s obliq- 
uity and <f> is the amplitude of the forced, 88 day period libration 
in longitude. The upcoming MESSENGER orbiter mission to 
Mercury (Solomon, et ai 2001) with onboard instrumenta- 
tion capable of measuring these four parameters (Zuber and 
Smith, 1997), and the possibility of precision measurements of 
Mercury’s spin geometry with radar interferometry techniques 
(I. Holin, Jean-Luc Margot, M. Slade, separate private com- 
munications, 2001) make a re-examination of this proposal 
particularly relevant. 

The two necessary conditions on the core-mantle interac- 
tion for the experiment to work are: 1 . The core must not 
follow the 88 day physical librations of the mantle. 2. The 
core must follow the mantle on the time scale of the 250,000 
year precession of the spin in Cassini state 1 (See Peale, 1969 
for discussion of Cassini states). We shall assume these two 
conditions are satisfied to develop the method and later estab- 
lish the constraints on the core viscosity for which they are 
satisfied. Proposed mechanisms of core mantle coupling other 
than a viscous coupling do not frustrate the first condition. 

The physical libration of the mantle about the mean res- 
onant angular velocity arises from the periodically reversing 
torque on the permanent deformation as Mercury rotates rel- 
ative to the Sun. The amplitude of this libration is given by 
(Peale, 1972), 


terms of the moment differences as follows. 


C 20 

C 22 


C — A I B- A 
Mpdj 2 M v al 


= -(6.0 ±2.0) x 10“ 5 , 


*^ = (1.0 ± 0.5)xl0-«, 


(3) 


where the numerical values are estimated for Mercury from 
Mariner 10 flyby data (Anderson, et ai 1986). Eqs. (3) can 
be solved for (C - A) fM v a\ and (B - A) fM v a\ in terms of 
C 20 and C 22 , determined by tracking the orbiting spacecraft. 
Substitution of the solutions of Eqs. (3) into Eq. (2) yields a 
numerical value for C/M p a1 since the Ki are known once the 
obliquity 0 is measured. 

Measurement of the amplitude <j> of the physical libration 
determines (B - A)/C m (Eq. (1)) from which three known 
factors give 


( c m \fB-A\f M p al\ _ Crn „ , 

\B-A ) \M p a\ J { C J C ~ 


(4) 


A value of Cm [C of 1 would indicate a core firmly coupled to 
the mantle and most likely solid. If the entire core or the outer 
part is fluid. Cm fC cr 0.5 for the large core size (r c ^ 0.75K) 
in current models of the interior (Cassen et ai, 1976). 

If viscosity of the molten core material is the primary 
means of coupling the core motion to that of the mantle, two 
time constants for the relaxation of a relative molten core-solid 
mantle motion are given by (Peale, 1988). 



f 2 959 4 \ 

1 — lie 2 + -1 ) 

V Cm ) 

< 48 J 


where the moment of inertia in the denominator is that of the 
mantle alone since the core does not follow the librations. The 
core is assumed axially symmetric so it does not contribute to 
B - A. Dissipative processes will carry Mercury to rotational 
Cassini state 1 (where spin, orbit precessional and orbital an- 
gular velocities remain coplanar) with an obliquity 6 close to 
0° (Peale, 1988). This leads to a constraint. 

Km (^^) + Km (^-^) = Km ( 2 ) 

where the moment of inertia in the denominator is now that 
of the total planet since the core is assumed to follow the 
precession. Note that the precession here is not the relatively 
rapid precession of the spin about the Cassini state in the frame 
rotating with the orbit, which the core is not likely to follow, but 
it is the precession of the orbit (with the much longer period) 
in which frame the spin vector is locked if Mercury occupies 
the exact Cassini state. 

The lowest order gravitational harmonics are expressed in 


r= — 7 — — r = — , P) 

(i^>)i/2 v 

where the first applies to small viscosities and the latter to large 
viscosities with ip being Mercury’s spin rate and v the kine- 
matic viscosity. If r > 88 days, the core will not follow the 
mantle during the latters 88 day libration, and if r < 250, 000 
years, the core will follow the precession of the mantle angular 
momentum as it follows the orbit precession in Cassini state 
1 . These conditions correspond to 

4 x 10“ 4 < v < 5 x 10 8 to 4 x 10 9 cm 2 /sec. (6) 

As this range includes all possible values for the viscosity of 
likely core material (e.g. Gans, 1972), the experiment should 
work unless some other type of coupling can force the core to 
follow the 88 day libration of the mantle. 

To investigate this possibility, we consider pressure forces 
on uneven topography at the core-mantle boundary (CMB) 
(Hide, 1989), the torque exchanged between a non-axi symmetric 
solid inner core and the asymmetric mantle (Szeto and Xu, 
1997) and magnetic coupling (Love and Bloxham, 1994; Buf- 
fett, 1992; Buffett et al , 2000). For the first we assume the 
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torque exened on irregular topography at the Earth’s CMB ac- 
counts for the entire 5 x 10 “ 3 second fluctuation in the Iength- 
of-day (LOD) on decadal time scales as proposed by Hide 
(1989). The maximum of this torque is then scaled to Mer- 
cury with the expression T M /T e = p c u 2 M r* /(p c ^u%rl e ), 
where the ps are the fluid densities, the ws are the relative 
velocities at the CMB and the rs are the core radii. For an 
initial relative velocity between the core and mande being the 
maximum expected from the mande libration while the core is 
rotadng uniformly at the mean spin rate, this scaling leads to 
synchronous rotadon of core and mande after 1.3 years, which 
is long compared to the 44 days for torque reversal. If the 
core-mande torque is added to the equadon of relative core- 
mande motion, the effect on the forced libration amplitude of 
the mande is essentially undetectable. Although the theory of 
Szeto and Xu (1997) shows in a model -dependent way that 
a gravitational coupling between a deformed solid inner core 
can affect the free libration of the mande, the 88 day forced 
libration of the mande is superposed on any larger librations 
with undiminished amplitude. For magnetic coupling, Love 
and Bloxham (1994) show that it is unlikely that such coupling 
could cause the millisecond variations in the LOD for the Earth. 
Since Mercury’s field strength is several orders of magnitude 
smaller than the Earth’s, and since we have already indicated 
that core-mande coupling sufficient to cause the variations in 
the LOD for Earth, when scaled to Mercury, do not affect the 
88 day mande libration amplitude, Mercury’s 88 day libration 
is not affected by the magnetic coupling. Similar conclusions 
follow when applying Buffett’s (1992) model to Mercury. 

Measured ranges of values of C20, C22 are given in Eqs. 
(3), and values of the obliquity and of the libration amplitude 
corresponding to the extreme values of these harmonics are 

1.7 £ 0 < 2.6 arcmin 20 < 0 < 60arcsec, (7) 


where 0 follows from the solution of Eq. (2)and0fromEq. (1) 
with 0 = .854(1? - A) l Cm for e = 0.206 and C m /C = 0.5 
and CjM v a\ - 0.35 being assumed. 

To estimate the required precision of the measurements for 
meaningful interpretation, we designate the four parameters 
whose nominal values are given in Eqs. (3) and (7)) by 77, and 
write _ _ _ 

*(%)-?&(%)*■ ® 

t 

which gives a maximum uncertainty of 


A (Cm/C) 
(Cm/C) 0 


max 



22 %, 


(9) 


where the superscript 0 indicates the nominal values of the 
parameters, fi = -0.83, 0.83, -1, -1 respectively for the 
terms in Eq. (9) with 77, = C 20 , 022,9, and where the 


numerical value corresponds to fractional uncertainties of 0.01 , 
0.01, 0. 1, 0. 1 respectively for the four parameters with nominal 
values C20 = -6 x 10“ 5 , C22 = 1 x 10' 5 , #° = 3 arcmin, 
and 0° = 30 arcsec being assumed. If instead of the second of 
Eqs. (3), we assume C22 = — C20/8 and C/M p al = 0.35, 
then 5.2 > 9 > 1.0 arcmin for 2 xlO -5 < — C20 ^ 1 xl0~ 
with the corresponding range of 0 being shifted only slightly to 
smaller values. But because the angles are all small, the fi are 
not significantly affected in the uncertainty estimate provided 
C22/C20 remains approximately constant. 

The maximum error would yield Cm/C = 0.5 ± 0.11 
which would distinguish the molten core. Since the numerical 
coefficients in Eq. (9) are not very se nsitiv e to the nominal 
values of the parameters, the error estimates remain the same 
for other reasonable values of the parameters if the fractional 
uncertainty of each parameter is unchanged. If, on the other 
hand, we fix each parameter uncertainty to be that value derived 
from the above assumed fraction of the central value but let the 
nominal values go to the extremes in Eq. (9), C m /C = 0.5 ± 
0.24 for all minimal nominal values, andC m /C = 0.5±0.065 
for all maximal nominal values. Even the worst case would 
distinguish a molten core, although the core size would not be 
well constrained. 

Measurement of C20 and C22 to two significant figures and 
A0 and A0 to a few arcseconds will assure that meaningful 
bounds on C m /C are obtained. Simulations of expected laser 
altimetry and spacecraft tracking data from the MESSENGER 
orbiter show that even better constraints on these parameters 
will be obtained (Smith and Zuber, 2001). 
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Introduction: Sodium (Na) and Potassium (K) 
atoms can be seen in the exosphere of Mercury and the 
Moon because they are extremely efficient at scattering 
sunlight. These species must be derived from surface 
materials, so that we might expect the ratio of sodium 
to potassium to reflect the ratio of these elements in the 
surface crust. This expectation is approximately borne 
out for the Moon, where the ratio of sodium to potas- 
sium in the lunar exosphere averages to be about 6 [1], 
not too far from the ratio in lunar rocks of 2 to 7 [2], 
However, the ratio in the Mercury exosphere was 
found to be in the range 80 to 190 [3], and at least 
once, as high as 400 [1]. 

The sodium and potassium atoms seen in the Mer- 
cury exosphere represent a balance between production 
from the surface and loss to space. Only if the produc- 
tion efficiencies and loss rates for Na and K were 
equal, would the ratio of Na to K in the exosphere re- 
flect the ratio in the surface rocks. Since a value of 100 
or more for the ratio of sodium to potassium in the sur- 
face rocks seems very unlikely, the high values of the 
observed ratios suggests that either production effi- 
ciencies or loss processes for the two elements are not 
equivalent. 

It does not seem likely that source processes should 
be different on the Moon and Mercury by an order of 
magnitude. This suggests that loss processes rather 
than source processes are the cause of the difference 
between the two. The major loss processes for sodium 
and potassium on Mercury are radiation pressure and 
trapping of photoions by the solar wind. Radiation 
pressure can reach 50-70% of surface gravity, and can 
sweep sodium and potassium atoms off the planet, pro- 
vided they are sufficiently hot [4]. Photoionization 
followed by trapping of the ions in the solar wind is the 
other major loss process. Photoions are accelerated to 
keV energies in the magnetosphere, and may either 
intercept the magnetopause, and be lost from the 
planet, or impact the planetary surface [5]. Ions that 
impact the surface are neutralized, and are then avail- 
able for resupply to the exosphere. The loss efficiency 
depends on characteristics of the magnetosphere that 
determine the fraction of the ions that are recycled by 
neutralization on the surface. 

Over the preceding decade, we have collected so- 
dium and potassium data for Mercury at irregular in- 
tervals. We analyzed these data to extract values for 
the Na/K ratio at a variety of conditions on Mercury. 


Data Acquisition and Analysis: The instrument 
used was the stellar spectrograph of the 1 .6-meter 
McMath-Pierce Solar telescope at the National Solar 
Observatory, Kitt Peak, Arizona. Spectra at resolutions 
ranging from 100,000 to 150,000 were recorded using 
an 800 x 800 element Texas Instruments CCD. Obser- 
vations were made during daylight hours, using image 
slicers that collected all the light from the planet plus 
some surrounding skylight. The intensity of the so- 
dium and potassium emissions in the spectra were de- 
termined by interpolating the background signal from 
one side of the emission line to the other and summing 
the difference from this baseline. The emissions were 
calibrated using the surface reflection of Mercury as 
the ‘standard candle’, using Hapke’s model for plane- 
tary surface reflectivity and the optical constants de- 
rived for Mercury from photometric observations [6,7]. 
The details of the data processing to extract atom col- 
umn densities from the spectra have been described in 
previous publications [9]. 

Results: The potassium column density is plotted 
against the corresponding sodium column density in 
Figure 1. 


Figure 1. Sodium and potassium column densities 
for Mercury at various dates. 



The mean ratio of sodium to potassium densities is 98 
± 20. The scatter in the ratio suggests that potassium 
and sodium densities are not closely correlated to one 
another. We could invoke geographic differences of 
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Na/K ratio in the surface rocks to explain the scatter, 
but then we are still left with the original problem of 
ratio values a magnitude or more larger than seen for 
the Moon. 

If the source and loss processes for sodium and 
potassium were closely correlated with one another, we 
expected that the Na/K ratio should be independent of 
potassium column density. However, this was not the 
case. Figure 2 shows a plot of the Na/K ratio versus the 
potassium column density. 


Figure 2. Variation of Na/K ratio with potassium column density 



Potassium Column Density, atoms/cm 2 x 10' 9 

The Na/K ratio decreases with increasing potassium 
column density. This suggests that the loss rate for 
potassium varies differently than the sodium loss rate, 
and this difference is responsible for the range of val- 
ues observed in the Na/K ratios. 

Discussion: The two major loss processes for so- 
dium and potassium on Mercury are radiation pressure 
and loss of photoions to the solar wind. Radiation 
pressure for sodium and potassium vary differently 
with heliocentric velocity of Mercury. However, we 
found no significant correlation of the Na/K ratio with 
radiation pressure, leaving differential loss to the solar 
wind as the probable cause of the Na/K ratio varia- 
tions. We expect that the loss rate for potassium will 
be larger than for sodium because the potassium gyro- 
radius is larger than the sodium gyroradius by a factor 
of about 2.4. The larger radius makes it more likely 
that the ion will encounter the magnetopause before 
impacting the surface. The potassium loss rate must be 
from 3 to 10 times larger than the sodium loss rate to 
explain the observed Na/K ratios, assuming the ratio in 
the surface rocks is of the order of ten, and source effi- 
ciencies are similar. 

the efficiency of loss of photoions to the solar 
wind must depend on the configuration of the magneto- 
sphere, which in turn is dependent on the solar wind 


and magnetic field parameters in the vicinity of Mer- 
cury. Unfortunately, there is no simple way to deter- 
mine solar conditions at Mercury. However, it is rea- 
sonable to think that enhanced solar activity detected at 
the Earth will often be paralleled by enhanced activity 
at Mercury. We plotted the Na/K ratio as a function of 
the 10.7 cm radio flux from the Sun, which is often 
used as a measure of solar activity. In Figure 3. 

Figure 3. Variation of Na/K ratio with 1 0.7 cm tolar radio flux 



10.7 cm Solar Radio Flux, adjusted 

There is some degree of correlation, with Na/K in- 
creasing with increasing radio flux, suggesting that 
increased solar activity led to a reduced potassium den- 
sity relative to sodium density. 
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(1997) Adv . Space Res., 19, 1551-1560. [2] Lodders, 
K. and Fegley, B. (1998) The Planetary Scientist's 
Companion , Oxford Univ. Press, 177. [3] Potter, A. 
E., Killen, R. M., and Morgan, T. H. (1997) Planet. 
Space Sci , 45, 1441-1448. [4] Smyth, W. H. and Mar- 
coni, M .L., (1995), Astrophys. J . 441, 839-864. [5] Ip, 
W. -H. (1987) Icarus 71 441-447. [5] Hapke, B. 
(1986), Icarus 67, 264-280. [6] Veverka, J., Helfen- 
stein, P., Hapke, B., and Goguen, J. D. (1988) Mer- 
cury, Univ. Arizona Press, 37-58 
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Introduction: Models of the sodium atmosphere 
of Mercury predict the possible existence of a comet- 
like sodium tail [1,2]. Detection and mapping of the 
predicted sodium tail would provide quantitative data 
on the energy of the process that produces sodium at- 
oms from the planetary surface. Previous efforts to 
detect the sodium tail by means of observations done 
during daylight hours have been only partially success- 
ful because scattered sunlight obscured the weak so- 
dium emissions in the tail [3]. However, at greatest 
eastern elongation around the March equinox in the 
northern hemisphere, Mercury can be seen as an even- 
ing star in astronomical twilight. At this time, the in- 
tensity of scattered sunlight is low enough that sodium 
emissions as low as 500 Rayleighs can be detected. 

Observations: We used the 1.6 meter McMath- 
Pierce Solar telescope at the National Solar Observa- 
tory, Kitt Peak, Arizona to observe Mercury after sun- 
set against a dark sky on June 03 and 04, 2000 and 
again on May 24 and 25, 2001. About eight observa- 
tions at various positions downstream of Mercury were 
possible during the 30-40 minutes that Mercury could 
be observed. Images of the planet or adjacent regions 
of the sky were placed on a 10 arc sec by 10 arc sec 
image slicer at the entrance slit of the stellar spectro- 
graph. Spectra of the sodium D lines were recorded on 
an 800 x 800 element Texas Instruments CCD at a 
resolution of about 150,000. At this resolution, sodium 
emission from terrestrial twilight glow is clearly sepa- 
rated from Mercury sodium emission. The resulting 
spatial-spectral images were analyzed to yield a 10 arc 
sec by 10 arc sec images of the sodium D emission 
with 1 arc second pixels. The general procedure for 
calibration of the data and extraction of the images has 
been previously described [4]. 

Results: Sodium D 2 emission was detected along 
the antisunward direction from Mercury for a distance 
of about 40,000 km. Observations on May 25, 2001 
were directed towards determining the downstream 
profile of the emission. The intensity of the sodium D 2 
in the antisunward direction for May 25, 2001 is plot- 
ted in Figure 1. 


Figure 1. Emission Intensity In the Mercury sodium tali, May 25, 2001 



Heliocentric Distance from Mercury Center, 

Thousands of km 

The Mercury phase angle on this date was 1 16.1°, so 
that the sodium tail was viewed at an angle of 63.9° to 
the line of sight. The observed apparent distances were 
divided by the sine of the phase angle to obtain helio- 
centric distances. The decay of sodium emission with 
distance results from photoionization of the sodium and 
lateral spreading of the sodium cloud. 

Velocities of sodium atoms in the tail were meas- 
ured from the Doppler shift of the emission lines. The 
observed shift is the vector sum of the initial Mercury- 
Earth shift and the additional shift resulting from solar 
radiation acceleration on the sodium atoms. Results are 
shown in Figure 2, where the heliocentric 

Figure 2. Heliocentric sodium velocity in the Mercury tail 



Heliocentric Distance from Mercury, thousands of km 
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velocity due to radiation acceleration is plotted against 
heliocentric distance. 

Observations of the sodium tail were also accom- 
plished on Jun 04, 2000. The Mercury phase angle on 
this date was 93.8° so that the tail was viewed at a near- 
right angle of 86.2°. This angle precluded the accurate 
measurement of heliocentric Doppler shifts in the so- 
dium emission line caused by solar radiation pressure. 
However, these observations yielded information on 
the cross-sectional distribution of sodium in the tail. 
Results are shown in Figure 3, where the sodium emis- 
sion intensity is plotted normal to the axis of the tail at 
a downstream heliocentric distance of about 17,500 
km At this distance, the tail has expanded to a diame- 
ter of nearly 40,000 km 

Figure 3. North-south cross-section of sodium tail 
June 04, 2000, 17,500 km downstream. 



initial north-south velocity of the sodium must have 
been 4-5 km/sec. 

Radiation acceleration of sodium atoms on June 04, 
2000 was 45% of surface gravity, and on May 25, 2001 
was 40% of surface gravity. In both cases, the escape 
velocity of sodium is reduced from the nominal value 
of 4.25 km/sec to about 2.5 km/sec. Consequently, the 
appearance of a sodium tail with sodium velocities in 
the range 2-5 km sec implies a source velocity in the 
range 4-7 km/sec, or 2.5-6.0 eV. Particle sputtering is 
a likely candidate for production of sodium atoms at 
these energies. The relatively high sodium velocity at 
right angles to the Mercury-Sun line suggests that much 
of the sodium is generated at high latitudes, rather than 
near the equator. 

References: [1] Smyth, W. H. and Marconi, M. L., 
(1995), Astrophys. J., 441 , 839-864. [2] Ip, W. -H., 
(1986), Geophys. Res. Lett., 13, 423-426. [3] Potter, 
A. E. and Morgan, T. H., (1997), Adv. Space Res., 19 , 
1571. [4] Potter, A. E., Killen, R. M., and Morgan, T. 
H., (1999), Planet . Space Sci. t 47 , 1441-1448. 


Discussion: The fact that an extended sodium tail 
can be detected is evidence that sodium is produced 
with sufficient energy to escape the planet. Smyth and 
Marconi [1] and Ip [2] found that sodium source ve- 
locities of 2 km/sec should be sufficient for sodium to 
escape from the planet under the influence of the 
maximum solar radiation acceleration. Extrapolation 
of the heliocentric velocities in the tail down to the 
location of Mercury suggests that sodium escaped 
Mercury with a residual velocity of about 2 km/sec in 
the antisunward direction. The north-south velocity 
can be estimated from the cross-sectional profile in 
Figure 3. If we assume that the heliocentric velocity 
data from Figure 2 apply to the June 04, 2000 observa- 
tion, we can estimate the time required for the sodium 
to reach a downstream distance of 17,500 km, at which 
point, the cloud has expanded north-south to a diameter 
of about 40,000 km. From this, we estimate that the 
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Summary: Analysis of lunar free-air and terrain 
gravity correlations reveals distinct trends in transient 
cavity diameter estimates for the multi-ring basins. 
These trends clearly differentiate the farside crust as 
having been significantly more rigid than the nearside 
crust during bombardment time. The lunar crustal di- 
chotomy is also reflected in local estimates of surface 
roughness developed from the root-mean-squared to- 
pography over 64° x 64° patches centered on the ba- 
sins. For Mercury where gravity observations are 
lacking, this approach may be useful for developing 
insight on the rheological properties of the crust. As a 
test, the roughness values for multi-ring basins on Mer- 
cury and the highlands of Mars were evaluated. The 
trend for Mars is comparable to the trend noted for the 
less rigid lunar nearside crust. This result is also sup- 
ported by the analysis of gravity data from the Mars 
Global Surveyor that suggests superisostatic mantle 
plugs may underlie the highland basins much like they 
appear to underlie the prominent basins of the lunar 
nearside. For Mercury the roughness trend is more 
comparable to the trend for the more rigid lunar farside 
crust. While the crust for Mercury was probably much 
hotter than the lunar crust during bombardment time, 
its dryness may have promoted strong rigidity. 

Introduction: The transient cavity diameters for 

lunar multi-ring basins inferred from free-air and ter- 
rain gravity correlations are consistent with a nearside 
crust that was thinner/ hotter and less rigid than the 
farside crust during bombardment time [2], The 
strength difference between the near and farside lunar 
crust is clearly evident, for example in Figure 1, from 
the offset in the linear trends between these diameters 
and the crustal thickness variations [3]. 

Hence, in response to lunar impacts, superi- 
sostatic mantle plugs developed predominantly in the 
nearside side crust relative to the farside crust where 
subisotatic mantle plugs appear to predominate. Fur- 
thermore, significantly more basin rings and smoother 
topography developed in the nearside crust than in the 
more competent farside crust. These results suggest 
that local variations in surface topography may also 
provide insight on the rheological properties of the 
crust during bombardment time. 



Figure 1. Comparison of transient cavity diameters and 
crustal thickness for lunar multi-ring basins. Nearside 
and farside basins are marked by solid and open sym- 
bols, respectively. 

A similar analysis of the Mars Global Sur- 
veyor gravity and topography data suggests that the 
multi-ring basins of the highlands also may be under- 
lain by superisostatic mantle plugs such as may con- 
tribute to the mascon bearing basins of the lunar near- 
side [5]. Accordingly, the rheological response of the 
crust of the Martian highlands appears to have been 
very similar to that of the lunar nearside during bom- 
bardment time. 

For Mercury where gravity data are lacking, 
crater morphometric analysis may yield an alternate 
approach to developing insight on the rheological re- 
sponse of the Mercurian crust to the bombardment. For 
example, the morphology of Mercurian lobate scarps 
has provided insights on the planet’s thermal evolution 
[8], the origin of compressional stresses that formed 
these structures [1], and other mechanical attributes of 
the crust [9]. In this study, the morphometric proper- 
ties of multi-ring basins on the Moon, Mars, and Mer- 
cury are compared for insight on the rheological re- 
sponse of the Mercurian crust to ancient impacts. 
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Method: For the purposes of this analysis, crater 

roughness, (Rq), was evaluated by the root-mean- 
squared topography over 64° x 64° patches centered on 
the multi-ring basins of the Moon, Mars, and Mercury. 
The roughness values were then compared with the 
transient cavity diameters (D TC ) of impact basins that in 
turn are closely related to the substrate rheology [3]. 
The transient cavity diameters are commonly inferred 
from photogeologic interpretation (e.g., [7]), although 
where gravity data are available (e.g., the Moon and 
Mars) they may also be interpreted from the terrain- 
correlated free-air gravity anomalies [4, 5]. 

Results: Lunar crater roughness values clearly 

reflect the dichotomized rheological properties of crust 
at the time of bombardment. In general, roughness 
values over farside impact basins are twice as large as 
those of the nearside basins. Moreover, crater rough- 
ness for lunar basins increases with increasing D TC . 
Increased transient cavity diameters also are inversely 
correlated with age to reflect the growth of the litho- 
sphere and substrate viscosity due to cooling [6]. In 
particular, the younger Crisium impact developed a 
larger transient cavity diameter on a more competent 
lithosphere than did the older Schiller-Zucchius impact, 
which developed a smaller Dx C on a weaker lithopshere 
with lower crustal viscosity and higher temperatures 
that facilitated viscous relaxation of crater topography 
[6, 4]. 

For Mars, crater roughness and Djc reflect a 
trend similar to the one found for the nearside lunar 
basins. In particular, the older Argyre and Sirenum 
basins of Noachian age have lower roughness values 
and smaller transient cavities than the younger Hes- 
perian impact basin that developed a larger Die- 

For Mercury, the relationship between rough- 
ness and Dtc for basins such as Beethoven appears to 
be similar to that estimated for the lunar farside basins. 
Hence, the rheological response of the Mercurian crust 
may have been comparable to that of the lunar farside 
during bombardment times. The dryness of the rela- 
tively hotter Mercurian crust may have facilitated its 
rigidity during bombardment. 

References: [1] Hauck S. A. et al. (2000) Eos 
Trans. AGU , 81, S296. [2] Potts L. V. and von Frese 
R. R. B. (2001) EosTrans. AGU, 82, S239 . [3] Potts L. 
V. and von Frese R. R. B. (in-review) JGR- 
E/2001/001456. [4] Potts, L. V. and von Frese, R. R. 
B. (2001) Eos . Trans. AGU , 82 , S241. [5] Potts, L. V. 
and von Frese, R. R. B. (2001) Eos. Trans. AGU, 52, 
S248. [6] Solomon, S.C. et al (1982) JGR, 87, 3975- 
4000. [7] Spudis, P. D. (1993). The Geology of Multi- 


Impact Basins: The Moon and Other Planets, 


Cambrigde Univ. Press. [8] Strom R. G. et al. (1975) 


JGR, 80, 2478-2507. [9] Watters T.R. et al. (1998) 
Geology, 26, 991-994. 
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GAS RING CONDENSATION MODEL FOR THE ORIGIN AND BULK CHEMICAL COMPOSITION OF 
MERCURY. Andrew J.R. Prentice, Department of Mathematics & Statistics, P.O. Box 28M, Monash University, 
Victoria, 3800, Australia. E-mail: AJRP@vaxc.cc.monash.edu.au 


Introduction; Mercury’s mean uncompressed 
density ~ 5.3 g/cm 3 greatly exceeds that of its neigh- 
bour Venus, viz. - 3.9 g/cm 3 , suggesting bulk metal to 
rock mass fractions of 0.67:0.33 instead of 0.33:0.67 
[1]. The latter values coincide with the ones expected 
on the basis of solar elemental abundances [2]. Lewis 
[3,4] discovered that a natural explanation for Mer- 
cury’s high metal content existed within his equilib- 
rium chemical condensation model applied to the solar 
nebula. Reconstruction of the mid-plane temperature T 
and presssure p neb spatial distributions from all of the 
planetary density data, including the observation of 
water ice at Jupiter’s orbit, suggested that T and p wb 
vary with heliocentric distance R (in AU) according as 
T(R) = 550 RT U ± 02 K and p mb (R) = LCT 4 /T 3 85 bar [5]. 
At the orbit of Mercury ( R = R n , n =1), = 0.004 bar 

and the condensation temperatures of the dominant 
metal [1: Fe-Ni] and rock [2: MgSi0 3 ] species are T u 
= 1520 K and T l2 = 1490 K, respectively (see below). 
Hence if T(R0 lies just below T l2 , only a small quan- 
tity of MgSi0 3 can condense and so a relative enrich- 
ment of metals occurs. Unfortunately, numerical stud- 
ies of planetary accretion in a condensate disc show 
that Mercury drew its mass from a wide range of or- 
bital radii [6]. Any initial chemical inhomogeneity at 
Mercury’s distance would soon be blended out. Also, 
we need F u - h i2 > 60 K if the density enhancement is 
to be noticeable, even in the absence of radial mixing. 



The Modern Laplacian Theory: According to 

the modem Laplacian theory of solar system origin, the 
planetary system condensed from a concentric family 
of orbiting gas rings [7,8]. Above is a visualization of 
the original Laplacian hypothesis. The rings were shed 
from the equator of the rotating proto-solar cloud 
(PSC) as a means for disposing of excess spin angular 


momentum during gravitational contraction, starting at 
the orbit of Neptune. It is proposed that discrete gas 
ring shedding is achieved by the action of radial super- 
sonic stress <pv r 2 ) = PpGA/(r)/r arising from supersonic 
convective motion.Here p=p(r) is the local gas density, 
M(R) is the mass inside radius r, G is the gravitation 
constant and (5 - 0.1 is a constant parameter. The total 
radial stress is p lot = <pv, 2 > + Pgas where p ^ = pSR77|i is 
the gas pressure and \x is the mean molecular weight. 
Now F, = (pv^/pgas is greatest at the photosurface (ph). 
If Ff iP h » 1, a steep density inversion accompanies the 
degeneration of turbulence in the radiative outer layers 
of the PSC. The cloud now stores a dense shell of non- 
turbulent gas above its photosurface whose base den- 
sity is a factor (l+F f)Ph ) times that of the non-turbulent 
cloud of the same temperature 7^. Choosing F, iPh ~ 35, 
the orbital radii of successively detached rings match 
the observed mean geometric spacings of the planets. 
And as the gas pressure on the mean orbit ( s = R nt z = 
0) of the Mercurian ring is now p } = 36p ncb * 0.14 bar, 
for which T u - T u2 = 85 K, a strong fractionation be- 
tween iron and silicates takes place. 

IRON/SILICATE FRACTIONATION 



The Gas Ring Condensation Model: Above is 
a schematic view of the gas ring cast off at Mercury’s 
orbit. If the gas has uniform temperature T n and spe- 
cific angular momentum (GM n R n ) 05 y where M n is the 
PSC mass, the ring has a toroidal structure with gas 
pressure distribution given by Pring© = P n exp(-/), 
where / = a n £?12R n 2 . Here cc* = = 400 is a 

dimensionless constant and £ is the local minor radius. 

If X { <i=l,2) and m are the mass fractions and mo- 
lecular weights of species 1 and 2, the partial pressures 
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prior to any condensation are = (p/M?)^™*©- 
At any radius condensation occurs provided that 
pU%) > Pj,yfap(T„) = exp (Bi - AJT n \ where are the 
thennodynamic vapour pressures and A,-, Bi are empiri- 
cal constants. Typical values are X\/\i\ = 2.348 x I0" 5 , 
X^i 2 = 2.523 x 10" 5 , p = 2.379 and (at 1600 K), A x = 
47820, B x = 16.130, A 2 = 63770, B 2 = 27.481. Next, 
we define T^ n to be the condensation temperatures on 
the mean orbit where the partial pressures p l>n ( 0) are a 
maximum. We have 7 \ n = A/( 5, - logc(p,.„(0)). It then 
follows that condensation is restricted to an inner torus 
§ < where ^ is the solution of the equation Pi,„(Q) = 
P^iTn). It is a simple matter now to show that the 
condensed mass fraction of species i is given simply by 
X/.cond = Xd 1 - (1 +/)exp(-j0}, with/ = A^lfT^UT^y 
This equation is also valid for gas rings which have a 
non-uniform orbital angular momentum distribution 
h(s) = hiRnHs/Rn) 2 "** where h(R n ) = (GMnR n ) 0 5 . Here 
s is the major cylindrical polar radius and 1.5 < q < 2,. 
Such rings have an elliptic minor crosssection. 

After condensation has occurred, the solid grains 
settle onto the mean orbit R n to form a concentrated 
stream. This ‘focussing’ property of the gas ring is a 
basic feature of the modem Laplacian theory [9]. Next, 
as there is no exchange of condensate material between 
adjacent gas rings, the chemical compostion of each 
planet is uniquely determined by the thermal properties 
of its own formative ring. Mercury was thus able to 
enjoy the full benefit of the iron/silicate fractionation 
process that took place in its ring. 

The Predicted Bulk Chemical Compositions: 
The table below gives the temperatures T n and mean 
orbit pressures p n which come from a representative 
simulation of the contraction of the PSC which (1) 
leads to a sun having the observed mass, (2) accounts 
for the mean planetary spacings, and (3) leads to a bulk 
chemical composition for Mercury whose mean density 
matches the observed uncompressed value. If the PSC 
is assumed to contract homologously, then T n « R „~°~ 9 
[10,11]. The planet Mercury thus provides a valuable 
marker for calibrating the run of temperatures. Once 
this calibration is achieved, the bulk chemical compo- 
sition of the other planets, including the cores of the 
gas giant planets, are effectively locked into place. 

The last 2 columns of the table are the Fe-Ni-Cr-Co-V 
alloy mass fraction X and the condensate mean den- 
sity (p 5 ), in g/cm 3 . Aside from metal, the main chemical 
constituents of Mercury are Ca 2 Al 2 Si0 7 (mass fraction: 
0.254) and MgAl 2 0 4 (0.041). MgSi0 3 -Mg 2 Si0 4 makes 
up only 0.009 of the mass. The main non-metal con- 
stituents of Venus are MgSi0 3 -Mg 2 Si0 4 (0.499), Si0 2 
(0.076), Ca 2 MgSi 2 0 7 (0.041) and MgAl 2 0 4 (0.039). 


Earth’s orbit sees the appearance of (Fe-Ni)S (0.087) 
and tremolite (0. 102). At Mars, nearly all Fe is tied up 
in (Fe-Ni)S (0.205) and Fe 2 Si0 4 (0.180), whilst for the 
asteroids it is in (Fe-Ni)S (0.200) and Fe 3 0 4 (0.193). 
Lastly, we note that Jupiter’s orbit marks the initial 
condensation of H 2 0 ice. This makes up 0.341 of the 
condensate mass, along with ‘asteroidal’ rock (0.651) 
and graphite (0,008). Only 33% of the available H 2 0 
vapour can solidify since T n lies just 5.2 K below the 
H 2 0 condensation temperature on the gas ring mean 
orbit. This feature accounts for the 50%:50% rock:ice 
mass percents of Ganymede and Callisto [10,1 1]. 


Planet 

RJ AU 

TJK 

pjbai 

Xmcui 

W 

Mercury 

0.387 

1632 

0.1334 

0.670' 

5.29 

Venus 

0.723 

911 

0.0124 

0.326 

3.89 

Earth 

1.000 

674 

3.6xl0‘ 3 

0.257 

3.83 

Mars 

1.524 

459 

7.2x1 O' 4 

0.054 

3.72 

Asteroid 

2.816 

274 

5.9xl0‘ 5 

0.009 

3.67 

Jupiter 

5.203 

163 

4.9X10- 6 

0.006 

1.83 


Conclusions: The original idea of Lewis, coupled 
with the gas ring model of planetary formation pre- 
sented here, suggests that iron/silicate fractionation 
may indeed provide a valid explanation of the anoma- 
lously high metal content of Mercury. This model was 
first put forward one decade ago [12,13]. 
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Introduction: Newly calibrated UV (375 nm) and 
orange (575 nm) Mariner 10 mosaics were interpreted 
to indicate compositional heterogeneities in the mercu- 
rian crust [1,2]. These studies interpreted the cali- 
brated color data according to the view' that ferrous 
iron lowers the albedo and reddens (relative decrease 
in the UV/visible ratio) a lunar or mercurian soil 
[3, 4, 5, 6]. Soil maturation has a similar effect with 
increasing maturity: darkening and reddening a soil 
with addition of submicroscopic iron metal. In con- 
trast, addition of spectrally neutral opaque minerals 
(i.e. ilmenite) results in a nearly perpendicular trend to 
that of iron and maturity: opaque minerals lower the 
albedo and increase the UV/visible ratio. By trans- 
forming the Mariner 10 color data (UV and orange 
mosaics) and thus separating these color trends into 
two separate parameter images sensitive to a) relative 
abundances of opaque minerals and b) combined ma- 
turity-and-iron spectral anomalies on the surface can 
be mapped. Utilizing these parameter maps and the 
color mosaics, we extend the previous work by identi- 
fying occurrences of a relatively low albedo, blue, and 
opaque rich material (LBO). In addition to the distinct 
spectral properties of the LBOs we fmd that this unit 
typically exhibits diffuse and patchy boundaries. The 
four best exposures are found stratigraphically below 
the Rudaki (4°S, 52°W) and Tolstoj (15°S, 165°) 
plains, and in the areas of Lermomtov crater (16°N, 
49°W) and Homer basin (1°S, 37°W). With the lim- 
ited spectral and spatial resolution of the Mariner 10 
dataset we cannot uniquely determine the origin of 
these deposits. However, our observations are most 
consistent with two theories. 1) The LBOs are a volu- 
metrically significant rock type that composes portions 
of the crust though compositionally distinct from the 
average crust or 2) they are relatively thin blankets of 
pyroclastic material. In the rest of this paper will 
briefly describe the four best occurrences and discuss 
the merits of the two possible origins and their signifi- 
cance. 

Homer Basin LBO: The Homer Basin LBO ex- 
hibits discontinuous, patchy, and diffuse boundaries 
(Fig. 1) while the central region is continuous. Cer- 
tainly the color and morphology could represent a 
complex interfingered 3-D rock unit currently exposed 
through impact excavation. However, our observa- 
tions are suggestive of a ballistically emplaced unit 
(either impact or explosive volcanism). For the Homer 
LBO there is no centralized impact crater that would 


serve as source, though we cannot rule out the possi- 
bility that it could be a far flung deposit from a distant 
basin forming event. We note that the deposit straddles 
(Fig. 1, white arrow on right) a linear segment of a 
ring of Homer basin (black arrows) indicating a possi- 
ble weakness in the crust that might allow ascending 
magma to reach the surface; morphology consistent 



Figure 1. Homer Basin LBO shows up as blue 
in this spectral parameter image. 


with explosive fissure eruptions. However, inside a 
neighboring crater (left white arrow) the LBO material 
exhibits a rather uncharacteristically sharp boundary: 
possibly a slide of loose material from the upper 
reaches of the crater, burial on the floor by a younger 
material, or a cross section of a thick component of the 
crust. 

Lermontov Crater LBO: A portion of the LBO 
material seen northwest of the crater Lermontov (Fig. 
2, - 160 km diameter) is somewhat concentric to a 
small impact crater (black arrow) and may represent 
material excavated from below during the impact. If 
this interpretation is correct then there exists a large 
subsurface rock unit that has been excavated and 
deposited on the surface. Examination of the albedo, 
iron-maturity parameter, and opaque index images 
suggest that the darkest and bluest material (white 
arrows) in this LBO is found asymmetrically on the 
southeastern periphery of the deposit. This might 
indicate that the original buried unit (LBO source) is 
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thin and near the surface (recall that target material 
near the surface typically composes the outer reaches 
of an ejecta blanket and material near the bottom of the 
crater usually ends up near the rim). Finally it may just 
be that the crater formed after the LBO and the pattern 
is simply a mixture of LBO material and average 
crustal material thrown out by the cratering event. 



Figure 2. Lermontov crater (orange) and nearby 
LBO deposit (blue). 


Rudaki and Tolstoj LBOs: The Rudaki and Tol- 
stoj LBOs are both overlain by younger smooth plains 
deposits: their outer margins are similar to the LBOs 
(discontinuous, patchy and feathered) while their con- 
tacts with the younger smooth plains are sharp (see Fig 
1 in Robinson and Lucey, 1997). The smooth plains 
have been interpreted as effusively emplaced lava 
flows that infilled pre-existing depressions and at these 
locations flooded and partially buried the older LBO 
deposits, resulting in the sharp interior contacts. In the 
Tolstoj basin, the LBO material corresponds to por- 
tions of the asymmetrical NE-SW trending Goya for- 
mation (interpreted as ejecta pattern of the basin) and 
the older intercrater plains [7,8]. This relation suggests 
that the LBO overlies two distinct morphologic units 
with significant age differences, most easily explained 
by as a relatively thin ballistically emplaced layer (ei- 
ther pyroclastic or impact ejecta). Alternatively, it 
may be the case t hat the Goya Formation is actually 
larger than mapped by Spudis and Guest (1988) and 
the unit boundaries need to be revised to correspond to 
the spectrally defined LBO boundary. 

Significance: The Mariner 10 spectral information 
is extremely limited, however using the simple rela- 


tionships explained above one can infer some relative 
compositional information from the data. The LBOs 
are consistent with a material that is relatively (to the 
average crust) enriched in opaque content (i.e. ilmen- 
ite) and might also have a slight enrichment in FeO 
(speculating on patterns seen in the maturity-plus-iron 
parameter). From known silicate mineralogy, tele- 
scopic spectra [9], and lunar analogy one can speculate 
that these materials are more mafic than the average 
mercurian crust. The easiest way of creating composi- 
tional heterogeneties in a planetary crust is through 
volcanic activity (intrusions, effusions, or pyroclastic) 
[10]. With current data we cannot make definitive 
identification of the emplacement mechanisms of the 
LBOs. However, the diffuse, patchy, and discontinu- 
ous morphology of the deposits argue for a ballistic 
emplacement, either from impact or explosive volcan- 
ism. Positive identification of pyroclastic deposits on 
Mercury would have dramatic implications for under- 
standing the mercurian volatile inventory. Since Mer- 
cury formed so close to the Sun, presumably a very hot 
location, it should have been relatively depleted in 
volatiles. However, pyroclastic eruptions are driven by 
the release of gases such as CO, COj, S0 2 , and H 2 0. If 
the LBOs identified here are pyroclastic materials they 
represent key information regarding the environment 
in which Mercury formed. 

No matter how the LBOs were formed, their spec- 
tral properties and morphology are most easily ex- 
plained as compositional heterogeneties in the mercu- 
rian crust an important result on its own merit. 
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Introduction: Mercury has been visited by only 
one reconnaissance spacecraft, Mariner 10, over 25 
years ago. This mission executed three flybys, but only 
imaged one hemisphere of the planet and carried no 
instruments capable of making direct compositional 
measurements of Mercury. Thus, our current state of 
knowledge concerning Mercury is in many ways simi- 
lar to what we knew about the Earth's moon at the 
dawn of the space age [1]. From the Mariner 10 
dataset [2] it is known that Mercury underwent a com- 
plex and rich geologic history. The planet is heavily 
cratered, tectonically deformed, volcanically resur- 
faced, and has an anomalously high bulk density (5.4 
g/cm 3 ) suggesting an iron rich core that occupies a 
greater percent of its volume than that of the other ter- 
restrial planets [cf. 3]. One of the outstanding prob- 
lems remaining from the Mariner 10 mission is a first 
order cataloging of the compositional diversity of the 
mercurian crust. 

Results. With the limited spectral and spatial reso- 
lution of the Mariner 10 images detailed compositional 
mapping is not possible. However, utilizing well 
known color properties of silicate materials [4,5,6] 
color differences can be mapped and reasonable 1 st 
order compositional inferences can be made. In gen- 
eral, the addition of ferrous iron to a silicate mineral or 
glass darkens the material and reddens the visible 
spectral slope (decrease the UV/orange color ratio). 
This correlation of albedo and color ratio due to varia- 
tions in ferrous iron is mimicked by variation of ma- 
turity of lunar, and likely mercurian, soils. In the 
course of the space-weathering maturation process, 
vacuum reduction of ferrous iron causes relatively blue 
immature soils to darken and spectrally redden [7]. 
Thus, since the Mariner 10 data examined here consist 
of only two wavelengths, it is problematic to decouple 
the spectral effects of ferrous iron content and maturity 
due to space weathering. However, increases in the 
abundance of spectrally neutral opaque minerals, such 
as ilmenite, tend to darken but decrease the spectral 
redness of silicate soils [4]. Rotation of two key pa- 
rameters (UV/orange ratio versus orange albedo), so 
that the two trends are perpendicular to the axes, 
should result in decoupling the effects of ferrous iron 
plus maturity and opaque mineral abundance varia- 
tions. This coordinate rotation results in images of two 
parameters, one sensitive to ferrous iron plus maturity 
and the other to opaque mineral content [8]. It is ap- 
parent that spatially coherent structures in the parame- 
ter one image (iron plus maturity) are mostly associ- 
ated with crater rays and ejecta suggesting that this 
parameter is dominated by maturity variations and that 
major variations in ferrous iron are not present. The 
spatial patterns in the parameter two image are not 


related to ejecta or crater rays and so are most likely 
compositional units formed by other geologic proc- 
esses. 

From newly calibrated Mariner 10 color mo- 
saics and parameter images, units were mapped that 
correspond with previously mapped smooth plains de- 
posits [8,9]. The smooth plains associated with Rudaki 
crater [2°S,55°W] and Tolstoj basin [16°S,163°W] can 
each be distinguished by their relatively smooth tex- 
ture, embaying margins, and color properties. In both 
cases the smooth plains overlie material that is spec- 
trally distinct (low albedo, relatively blue, opaque rich 
- LBO, see Robinson and Hawke, this volume). The 
Rudaki plains exhibit a relatively large (-30%) defi- 
ciency in the opaque parameter relative to the hemi- 
spheric median, while Tolstoj plains are only 5% be- 
low the hemispheric median. At both sites the matur- 
ity-plus-iron parameter of the smooth plains is equiva- 
lent to the hemispheric median. 

The exact composition of the units seen in 
these data can only be inferred from lunar analogy as 
no samples or other relevant compositional data exist 
for Mercury. Regarding the smooth plains, the obser- 
vation that they do show high contrast boundaries in 
the parameter and color ratio images implies they are 
compositionally distinct from the basement material 
(Table 1), supporting the previous morphological in- 
terpretation that some mercurian plains units are in- 
deed volcanic in origin [reviewed in ref. 1]. These 
same plains (volcanic) units show relatively low con- 
trast boundaries (±2%) in the maturity-plus-iron image 
relative to the hemispheric median, indicating that they 
have very similar FeO contents to the rest of the mer- 
curian crust imaged by Mariner 10, for comparison, 
Mare Crisium on the Moon shows a -23% difference in 
a maturity-plus-iron image derived from Mariner 10 
flyby images (Table 1). Earth-based remote sensing 
data indicate that the mercurian average FeO crustal 
abundance is <6 wt percent [cf. 10] and more recently 
constrained to ~3 wt% [11]. Since the plains are indis- 
tinguishable from the global median in the maturity- 
plus-iron parameter we infer that the observed lava 
plains have FeO abundances of ~3 wt%. 

One of the most striking features imaged by 
Mariner 10 is the Kuiper-Muraski crater complex. 
Kuiper, superposed on the crater Muraski, is one of the 
youngest large impact craters on Mercury [1]. Kuiper 
has an opaque index equivalent to Muraski; but the 
iron -maturity parameter indicates that Kuiper is rela- 
tively immature, consistent with its fresher morphol- 
ogy, thus explaining the color difference (relatively 
blue). The opaque index for both materials is very 
low, possibly similar to a lunar soil formed from an 
anorthositic crust [8], For the portions of Mercury 
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imaged in color the regions with the lowest opaque 
index are associated with craters, consistent with a 
layer at depth that is deficient in opaque minerals re- 
surfaced by later processes. This layer may be analo- 
gous to an ancient lunar anorthosite crust. Consistent 
with this hypothesis Earth-based remote sensing has 
tentatively identified anorthosite on Mercury [12]. 



Opaque 

Iron-maturity 

Crisium / Median 1 

1.45 

0.77 

Crisium / Basement 

1.26 

0.64 

Basement / Median 1 

1.16 

1.20 

Rudaki / Median 2 

0.70 

1.02 

Rudaki / Basement 

0.55 

1.08 

Basement / Median 2 

1.27 

0.95 

Tolstoj / Median 3 

0.95 

0.99 

Tolstoj / Basement 

0.70 

1.14 

Basement / Median 3 

1.37 

0.87 

Table 1. 1 Median value for lunar eastern hemisphere 


imaged by Mariner 10 [13] 2 Median value for mercu- 
rian incoming hemisphere, 3 Median value for mercu- 
rian outgoing hemisphere [Table reproduced from 9]. 

Significance. The color anomalies found around 
the Kuiper-Muraski complex are consistent with a lu- 
nar like anorthositic crust that undergoes space weath- 
ering alteration [14]. This same spectral unit (the ma- 
ture portion) makes up the majority of the mercurian 
crust imaged by Mariner 10. The observation that the 
smooth plains exhibit distinct color supports the inter- 
pretation that at least some of the smooth plains were 
volcanic in origin and have a composition different 
than that of “average Mercury”. Finally the LBO 
spectral unit indicates a third compositional unit may 
exist. 

These spectral and morphologic findings are sig- 
nificant not only in identifying color units and identi- 
fying smooth plains as lava flows, but that there are 


compositional heterogeneties within the mercurian 
crust. The Mariner 10 data give a hint of the possible 
complexity of the mercurian crust. Advanced remote 
sensing instruments carried onboard future Mercury 
orbiters (MESSENGER, Bepi-Columbo) will be map- 
ping in detail these and many other anomalies at a 
level of detail both spectrally and spatially such that 
their nature and origins may be understood. 
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Figure 1. Mariner 10 color parameter 
image showing the incoming hemisphere 
and major features discussed in text. Red 
is formed as inverse of the opaque index 
(increasing redness indicates decreasing 
opaque mineralogy), green component is 
the iron-maturity parameter and blue 
shows the relative color (UV/orange ra- 
tio). North is to the right, Lermontov 
crater is ~160 km in diameter. The rela- 
tively blue material (LBO) is discussed 
in Robinson and Hawke (this volume). 
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The Magnetic Field and Magnetosphere of Mercury 
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The most naive picture of planetary magnetism is that a planet is hottest at initial 
accretion, the iron sinks to the center, if there is sufficient energy a magnetic field is 
generated, and when the planet cools the dynamo stops. In this picture, the large rocky 
planets, such as the Earth, should have active dynamos and the small rocky planets such 
as Mercury should not. In fact Mercury does appear to have an active dynamo while 
larger bodies such as Mars and Venus do not. The dynamos in the cores of these two 
planets either ceased or in the case of Venus perhaps never began. Thus the story of the 
generation of a planetary magnetic field is more complicated than the naive picture and 
includes the effect of the crust and mantle in allowing the core to cool so that a solid 
inner core can condense and provide the energy for the dynamo. 

We can leam about the interior of Mercury from its gravitational and magnetic 
fields but from the Mariner 10 flybys these have been but poorly constrained. In the case 
of the magnetic field the solution for the quadrupole moment is almost totally 
unconstrained. Orbiter measurements such as planned on the Messenger and Bepi 
Columbo missions are essential to determine the high order magnetic field. 

The solar wind plasma confines Mercury’s magnetic field to a teardrop-shaped 
region with a long tail in the antisolar direction. The solar wind is so strong at Mercury’s 
orbit and the planetary magnetic moment so weak that the standoff distance of the solar 
wind flow at the subsolar point is very close to the planet’s surface. Thus relative to the 
size of Mercury, already the smallest of the terrestrial planets, its magnetosphere is small. 
There is not much room for a radiation belt as we have on Earth. Nevertheless, the 
magnetosphere of Mercury is of great interest to magnetospheric physicists because of 
something else Mercury lacks, a significant atmosphere. In the terrestrial magnetosphere 
the magnetic field is rooted in a highly electrically conducting ionosphere caused by the 
ionization of the Earth’s ionosphere. This ionosphere enables the coupling of the solar 
wind momentum with the atmosphere through the generation of current systems that 
close in the ionosphere. Since this coupling is not expected at Mercury, the nature of the 
solar wind magnetosphere interaction might be quite different at Mercury than at Earth. 
These differences in turn can provide insights into how the various magnetospheric 
processes work. Thus, one of the overall objectives of the Messenger and Bepi Columbo 
missions is to examine these magnetospheric processes. The sparse data obtained from 
the Mariner 10 missions in 1974 and 1975 indicates that analogues of terrestrial processes 
do occur at Mercury but that there are important differences in the ways in which these 
processes work. 
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Introduction: Repeat-orbit or time-delayed 

interferometry has been widely used for SAR-based 
observations of such terrestrial phenomena as flow of 
glaciers and post-seismic displacements from radar on 
Earth-orbiting satellites and spacecraft. Repeat-orbit 
interferometry has also obtained fringes while 
investigating the measurement of topography of the 
Moon from Arecibo radar observations (Stacy, 1993). 
Because of the unique spin-orbit resonance of Mercury, 
the locus of the subradar point on Mercury crosses over 
itself many times per year. Moreover, the locus of the 
subradar track repeats these crossings from year to year 
over many years. Given the proper geometry, these 
subradar point crossings offer the opportunity for 
interplanetary repeat-orbit interferometry via Earth- 
based radar observations. The ephemerides of Mercury 
and Earth, and the orientation of the Earth, are all 
known to sufficiently high-precision with respect to 
"inertial space" to enable this kind of interferometry. 
This capability would merely be a curiosity, since 
Earth-based radar lacks the signal-to-noise to measure 
planetary-scale topography, except that the technique 
can be used to measure Mercury’s obliquity (and 
possibly the forced libration in longitude). Combining 
very accurate measurements of the obliquity and the 
forced libration in longitude with Mercuiy-orbiter-based 
measurements of the low-order and degree Mercury 
gravity field can place constraints on the size and state 
of Mercury’s fluid core (Peale, 1988; Peale et al, this 
meeting). 

Implications of a Fluid Core: Repeat-orbit 
interferometry thus holds out the hope that, in 
combination with improved values of c^ and c^ for 
Mercury (from, e.g., MESSENGER), the size and state 
of a putative fluid core can be determined. Why is it 
believed that Mercury still has a fluid core today? The 
idea of the existence of a fluid core is based on the 
magnetic field observed by Mariner 10 (Ness et al . , 
1974), which is explained most simply by a dynamo in 
a currently molten core. If Mercuiy has such a core, 
then Peale (1988) has shown that dissipation will carry 
Mercury to rotational Cassini state 1 (in which the 
spin vector, the orbit precession angular velocity 
vector, and the orbit normal vector are all coplanar). 
The obliquity 0 will be close to, but not exactly zero. 
Under plausible conditions, a libration § in longitude 
will forced with an 88 day period. The dynamics^ of 
Mercury's orbit, along with the Mariner 10 gravity 
field and associated uncertainties, imply the following 
ranges according to Peale (1997): 

1.7 arcmin< 0 <2.6 arcmin 
20 arcsec< <J> <60 arcsec 


The size and state of Mercury’s core can be deduced 
from measurement of 0 and (j> along with determination 
of c^ and c^ of the gravity field to modest accuracy 
(Peale, 1997). Radar observations of radar-bright 
features at the poles of Mercury have improved the 
limits on the obliquity (Harmon et al . , 1994). Further 
improvements in the knowledge of the obliquity, and 
measurement of <j> present a challenging problem in 
astrometry. Radar imaging of the equatorial regions of 
Mercury using sub-microsecond bauds may offer a 
method to measure <j> that does not require 
interferometry. Following small radar features over 
many years may well he the best method for 
determining <(>. Such imaging would be done each time 
the repeat-orbit interferometry was attempted. 
Additional imaging observations aimed just at 
measuring <)> may prove to be necessary. 

High Accuracy Interferometry: The repeat- 
orbit technique uses interferometry between 
observations of same subradar point on Mercury viewed 
in precisely the same geometry at greatly different 
times. The "baseline” is constructed from the two (very 
slightly differe nt) positions of the observing point on 
Earth as viewed from Mercury. Figure 1 gives a 
cartoon of the geometry of the repeat-orbit 
interferometry. Detailed predictions will be shown for 
future observations through the year 2009. This 
technique uses some of the same mathematical 
formulations as Goldstein et al (1988), and Zebker and 
Goldstein (1986). For example, the ’’fringes” for 0.2 
microsecond baud voltage samples will appear in the 
first few Fresnel zones surrounding the subradar point 
on the two dates, and will begin about an hour before 
maximum intensity and fade completely over the hour 
following, if voltage data are obtained at the 
appropriate times (Goldstein, personal communication, 
2000 ). 

In summary, exploration of this technique seems 
warranted, given the high science value of contributing 
to constraints on the size and state of Mercury’s 
(assumed) fluid region of its core. 
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FIGURE 1. Mercury Repeat-Orbit Interferometry 
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One of the most intriguing scientific questions 
about Mercury is whether the planet possesses a 
liquid core [1,2]. One way that this can be 
ascertained [3-6] is through the measurement of the 
longitudinal libration of Mercury about its rotation 
axis. The MESSENGER mission to Mercury [7] 
will attempt this measurement by deriving the 
rotation of the planet from remotely sensed 
observations of the Mercury gravity field and the 
planet’s shape. For a fully fluid core the libration is 
expected to be a ~350-m-amplitude oscillation (at 
the equator) about the mean rotation of the planet. 
Thus, the shape of the planet undergoes a librational 
oscillation in the same way that features on the 
surface participate in the motion. In this sense 
altimetric topography can be considered analogous 
to imaging, with the important exception that for 
altimetry, the long wavelengths corresponding to 
low degrees and orders in a spherical harmonic 
expansion, can be precisely determined from orbital 
measurements. The rotation of the planet thus 
introduces a time dependence of the topographic 
image in an inertial {le. fixed) reference frame and 
the libration is a variation in the planetary rotation 
rate, manifest as an oscillation of the topographic 
image. Similarly, gravity measures the distribution 
of mass within a planet and as such can be viewed 
as providing a vertically integrated "image" of the 
internal density structure. For a librating planet the 
gravitational field will also reveal a variation in the 
rotation rate, manifest as an oscillation of the field 
with respect to an inertial reference frame. While 
the long-wavelength gravity field contains 
contributions from the radial distribution of mass 
with depth, the long wavelength terms are most 
sensitive to the mass distribution of the deep 
interior. Thus, both the topography and the gravity 
independently can be used to determine the 
(irregular) rotation of a planet, although the 
topographical method measures the rotation of the 
crust while the gravity measures the rotation of the 
distributed mass, and these are not necessarily 
identical. For example, for a planet that contains a 
fluid outer core that is effectively decoupled from 
the mantle the gravity field will not librate in the 
manner of a solid body. The libration obtained from 
the variable rotation of the gravity field will 
represent a combination of contributions due to a 
librating mantle and a differentially rotating fluid 
core. Differential rotation of the Earth’s inner core 
had been theoretically predicted from three- 


dimensional geodynamical models [8] and 
subsequently reported from seismic observations 
[9], A difference between the libration of the 
lithosphere as determined from altimetry and the 
deep interior as determined from gravity, if it could 
be detected, might provide further insight into the 
nature of core-mantle coupling. 

Our approach for libration recovery differs from 
those proposed previously through imaging and 
landers in several ways, one of which is that it 
utilizes long rather than short- wavelength 
observations of the planet. To illustrate our 
reasoning we may consider a topographic signal of 
the form 


H m 


( 1 ) 


where A is amplitude and m is the wave number, 
equivalent to spherical harmonic degree or order. 
The physical libration will be defined by a small 
rotation in longitude, AA, which will be 
characterized by a corresponding change in 
topography of AH m , where 

A H m ~ mA m cos(mA)AA , (2) 


Planetary topography is known to exhibit fractal 
properties [10], in which the power of 
topography oc m~ a , where (X « 2. Thus 


1 


m (m + l) 2 
m + 1 m 2 


. 772 + 1 _ _ 

xhotoz > 1, (3) 

m 


where hot refers to higher order terms. Thus, in 
general, 

Atf m >Atf m+1 . (4) 


Expressions (3) and (4) demonstrate that, for a 
given A A, and a single surface feature, long 
wavelength topography should exhibit greater 
variance than short wavelength topography. Thus, if 
measured with sufficient accuracy, long wavelength 
topography provides a stronger signal for estimating 
librational motion than does short wavelength 
topography. A similar reasoning can be invoked for 
the gravity. 

In order to determine the accuracy with which 
the libration can be derived from MESSENGER we 
conducted a simulation of the mission. Our initial 
simulation [11] was based on the mission design in 
place at the time of initial selection. 
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In the simulation the tracking data, sampled at 
10-s intervals, were assumed to be unbiased, 
characterized by 1-mm/s noise (lOx worse than 
typical X-band), and obtained by a single Deep 
Space Network (DSN) tracking station located at 
Goldstone, CA with a 5° lower elevation limit. No 
data were acquired within 1° of the sun, a time gap 
of nearly 2 days every 58 days. Except for the C 20 
and C X2 terms the “truth” or a priori gravity model 
was generated from the model of normalized 
coefficients: C im ,S ln , = 8.0 xlO'VT. The C xo (=- 
2.7x1 0* 5 ) and C 22 (=1.6x1 O' 5 ) terms are the only 
coefficients for which there are estimated values 
[12,13]. 

The simulated altimetry data, with 1-Hz 
sampling and ±l-m range precision, were unbiased, 
and acquired only when the spacecraft was over the 
northern hemisphere. The “truth” topography 
model was a modified 16x16 degree and order 
spherical harmonic model of the lunar topography 
with degree 1 terms set to zero (no center of 
figure/center of mass offset). Because the Moon is 
smaller than Mercury the model may have slightly 
greater spectral power than might be expected for a 
planet the size of Mercury by an amount equal to 
the ratio of the accelerations of gravity at the 
surface (~2.6). This does not affect the 
fundamental outcomes of the study as the method 
depends only on the longest wavelengths, where 
there is the greatest topographic power. 

The initial spacecraft orbit was determined from 
the simulated tracking data in 10-day segments 
without any a priori knowledge of the gravity field. 
From a combination of nine of these arcs (1 
Mercury year) we estimated values of an 8x8 
gravity model. This model was adopted as the a 
priori model for subsequent analysis of all the 
tracking and altimetry data. Using this a priori 
gravity field the orbit of the spacecraft was 
determined for the full 4 Mercury years and normal 
equations developed from which a 16x16 gravity 
model was estimated. We then analyzed the 
altimetry data using orbits generated with the 
updated gravity field, formed normal equations for 
the topography, and solved for a 16x16 topography 
model that was adopted as the a priori topography 
model. Finally, all the tracking data and the 
altimetry data were reprocessed utilizing the new 
models and simultaneously analyzed to provide 
“final” gravity and topography models, and 
estimates for the libration amplitude and phase as 
detected in both the gravity and topography 
signals. 

The ability to estimate the librations as measured 
in terms of returning to the initial value after 
starting from zero was: 


- Amplitude of the physical libration in longitude: 

± 0.000010 radians 

- Phase of the physical libration: 

± 0.000012 radians 

This solution represents an 8% estimated 
accuracy of recovery of the expected amplitude and 
is adequate for discrimination of a liquid vs. solid 
core [3-6]. Although that early mission design was 
not significantly different from the present mission 
we are now in a position to include more details 
about the orbit, the spacecraft, and operational 
constraints and so are re-simulating the libration 
experiment. 

Our simulation results provide confidence that 
librations as well as topography, gravity, rotation 
rate and pole position can be derived at levels 
adequate to ascertain core state from MESSENGER. 
Moreover, we note that separate analysis of gravity 
and topography observations has the potential to 
distinguish differences, should they exist, in the 
physical librations of the planetary surface and 
interior and may thus may have implication for the 
existence of a solid component to the core. If such a 
situation existed and was detectable it would 
constrain models of core-mantle coupling, and have 
significant implications for internal dynamics and 
thermal state [6]. Updated simulation results will 
allow understanding of the libration sensitivity to 
the present orbit design, spacecraft parameters and 
operational constraints, and enable the approach to 
determining the core state to be refined. 
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Introduction. The question of whether mantle heat trans- 
port in Mercury occurs by conduction or convection [1-4] was 
eventually settled in favor of convection [5-7]. Indeed, quan- 
titative estimates of convective instability and convective heat 
transport showed that convection must occur although not as 
vigorously as on Earth. Some observational support for con- 
vection was argued to be the presence of a magnetic field on 
Mercury which is easier to explain with mantle convection 
than without it. Rapid solidification of the iron core predicted 
by convective models and the cessation of generation of the 
magnetic field can be avoided if a sufficiently large amount 
of antifreeze is present (it can be anything but sulfur is the 
most likely candidate). Although convection seems to be a 
reasonable theory, results based mainly on studies of constant 
viscosity convection can substantially overestimate the vigor of 
convection [ 8 ]. Since previous models predicted a marginally 
unstable mantle with weak convection one might wonder if 
convection occurs at all for realistic rheologies. The goal of 
this study is to investigate models of mantle convection and 
thermal evolution of Mercury, which take into account realistic 
temperature- and pressure-dependent viscosity, partial melting 
and differentiation. 

Viscosity. Viscosities of planetary mantles are poorly 
constrained, however, the range of viscosity laws suggested 
by laboratory experiments [9] provides a reasonable parameter 
space to explore provided the rheology is controlled by olivine. 
If pyroxene is the dominant component then the mantle is 
likely to be even suffer. Also the choice between the two major 
mechanisms, diffusion creep and dislocation creep, depends on 
the grain size. The grain size in the Earth’s upper mantle seems 
to be at the boundary between the two creep mechanisms. 
The transitional grain size seems to be close to the grain size 
observed in mantle xenoliths [9,10]. Since the pressure at the 
bottom of Mercury’s mantle is less than 10 GPa, no phase 
transformations and thus no phase induced recrystallization is 
expected. Therefore, gram growth in olivine is controlled by 
coupled Ostwald ripening of all phases present in the mantle 
[11]. With all the uncertainties in the diffusion coefficients 
of major diffusing species (Si, Mg and 0) the grain size is 
likely to be controlled by volume diffusion (meaning that the 
grain size varies as ~ f 1 ^ 3 ) and is about 1 cm during most 
of planetary evolution provided Ostwald ripening occurs at 
subsolidus temperatures. If temperatures exceeded solidus 
during some period of evolution the grain size would be bigger 
In either case, this seems to be big enough to warrant the 
transition to dislocation creep [10]. Therefore, the argument 
that the mantle of Mercury might have a very small grain size 
and, as a result, an arbitrarily small viscosity (in the diffusion 
creep regime the viscosity depends on the grain size as 77 oc d 771 
where m is typically 2 or 3) is very difficult to support. The 
models presented below assume dislocation creep in which 
viscosity does not depend on the grain size. 

Convection and thermal evolution. In the absence of 


plate tectonics, mantle convection, if it occurs at all, must 
occur in the stagnant lid convection regime [10,12]. It is 
driven by small temperature differences, on the order of 200 

K, controlled by rheology rather than by the total tempera- 
ture difference across the convective layer (which would be 
the case for constant viscosity convection). Application of 
scaling relationships for temperature- and pressure- dependent 
viscosity convection [10] with realistic rheologies to Mercury 
suggests two conclusions. Firstly, convection occurs only at 
sufficiently high temperatures, higher than 1800 K for “dry” 
mantle and higher than 1500-1600 K for “wet” mantle. Sec- 
ondly, the range of temperature (and the heat flux) in which 
convection occurs without melting (assuming dry solidus of 
peridotite) is very small: about 10 K (between 9 and 13 mW 
m -2 ) for “dry” mantle and 1 00 K (between 6 and 22 mW m“ 2 ) 
for “wet” mande. Further insight into this problem can be ob- 
tained with the help of parameterized convection calculations 
of thermal evolution [13]. These calculations show (Figs. 1 
and 2 ) that melting occurs during very early stages of evolu- 
tion causing differentiation of nearly all ("-90%) radioactive 
isotopes into the crust. The rest of thermal evolution occurs in 
the conductive regime. 

Conclusion. Constraints on mantle rheology and con- 
vection with variable viscosity suggest that Mercury could 
be convective only during the very early stages of evolution 
accompanied by extensive melting and differentiation. Sub- 
sequendy convection and meldng have been absent and the 
planet has been cooling down in a conductive regime. In this 
model generadon of the magnetic field on Mercury is due to 
mechanisms other than convection in the core including rem- 
nant magnetization caused by magnetic field generation during 
the early period of intensive cooling (similar to the model sug- 
gested in [14] for Mars) or by thermoelectric emf [ 6 ]. These 
calculations further support the conclusion that not only plate 
tectonics but any type of convection is difficult to sustain on 
the terrestrial planets [13,15]. 
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Figure 1: Thermal evolution models for Mercury. The vis- 
cosity is controlled by dislocation creep in “dry” olivine. The 
shaded region indicate the time interval when convection took 
place. Convective recycling of mantle material through su- 
persolidus regions results in an extensive magmatism and fast 
depletion of the mantle in the abundances of radioactive ele- 
ments. Thin line in top figure indicates supersolidus mantle. 
The bottom figure shows the present-day temperature distri- 
bution (solid line) and solidus (dashed line). 
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Figure 2: Same as Fig. 1 except that mantle is assumed to be 
“wet”. 










Ssl/aS/t"/?/ 


94 LPl Contribution No A 097 




THE MESSENGER MISSION TO MERCURY. Sean C. Solomon 1 , Ralph L. McNutt, Jr. 2 , Robert E. Gold 2 , Andrew G. 
Santo 2 , and the MESSENGER Team, 'Dept, of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch 
Road, N.W., Washington, DC 20015 (scs@dtm.ciw.edu), Johns Hopkins University Applied Physics Laboratory, Laurel, 
MD 20723. 


Introduction. Mercury is an extraordinary planet 
The closest planet to the Sun, Mercury has the largest diurnal 
range in surface temperature yet has polar deposits that may 
consist of water ice [1]. Mercury is the only planet locked in 
a spin-orbit resonance, an important though poorly under- 
stood constraint on dynamical and internal evolution [2]. It 
has the largest uncompressed density and, by inference, the 
greatest mass fraction of iron-nickel of any planet or satellite 
[3], a compositional anomaly that is a critical clue, not yet 
deciphered, to the processes by which the inner planets 
formed [4-7]. Mercury has a strong internal magnetic field 
and presumably a hydromagnetic dynamo in a fluid outer 
core [8], yet the known portion of the surface has a density 
of impact craters indicating that geological activity largely 
ceased early in planetary history [9]. Mercury’s magnetic 
field gives rise to a small magnetosphere with many similari- 
ties to that of the Earth [10], yet the presence of only a tenu- 
ous atmosphere and ionosphere [1 1] and the greater proxim- 
ity to the Sun affect the nature of solar wind interaction with 
the planet in ways still poorly discerned. 

Mercury is also the least explored planet save Pluto. 
Most of what is known comes from the three flybys of Mer- 
cury by Mariner 10 in 1974 and 1975. With the recognition 
that gravity-assisted trajectories, using avaiable launch and 
propulsion systems, now permit the insertion of a spacecraft 
into Mercury orbit [12], the need for the intensive explora- 
tion of the innermost planet has recently been recognized by 
both NASA and the European Space Agency. 

MESSENGER, a A/Ercury Surface, Space Environ- 
ment, Geochemistry, and Ranging mission to orbit Mercury 
for one Earth year after completing two flybys of that planet 
and two flybys of Venus, was selected for flight under 
NASA’s Discovery Program in July 1999. The lead institu- 
tions for MESSENGER are the Carnegie Institution of 
Washington and the Applied Physics Laboratory of The 
Johns Hopkins University. Additional members of the 
MESSENGER consortium include Composite Optics, Inc., a 
leader in lightweight spacecraft structures, GenCorp Aerojet, 
a leader in spacecraft propulsion systems, Goddard Space 
Flight Center, the University of Colorado, and the University 
of Michigan. Co-engineered with planetary scientists from 
twelve institutions, MESSENGER has been designed to ac- 
commodate the severe near-Sun thermal environment and 
supply the required large spacecraft velocity change while 
enabling all scientific observations. 

Scientific Objectives. A substantially improved 
knowledge of Mercury will add critical new insight into how 
terrestrial planets formed and evolved [13]. Determining the 
composition of Mercury, with its anomalously high ratio of 


metal to silicate, will provide a unique window on the proc- 
esses by which planetesimals in the primitive solar nebula 
accreted to form planets. Documenting the global geological 
history will elucidate the role of planet size as a governor of 
magmatic and tectonic history for a terrestrial planet. Char- 
acterizing the nature of the magnetic field of Mercury and the 
size and state of Mercury’s core will allow us to generalize 
our understanding of the energetics and lifetimes of magnetic 
dynamos in solid planets and satellites. Determining the 
nature of volatile species in Mercury’s polar deposits, exo- 
sphere, and magnetosphere will provide critical insight into 
volatile inventories, sources, and sinks in the inner solar 
system. 

Key questions to be addressed by MESSENGER in- 
clude: 

What planetary formational processes led to the high 
metal/silicate ratio in Mercury? 

What is the geological history of Mercury? 

What is the nature and origin of Mercury's magnetic 

field? 

What is the structure and state of Mercury's core? 

What are the radar-reflective materials at Mercury's 
poles? 

What are the important volatile species and their 
sources and sinks on and near Mercury? 

These questions define the scientific objectives for the 
MESSENGER mission. In order of priority, these objectives 
are to determine (1) the chemical composition of Mercury’s 
surface, (2) the planet’s geological history, (3) the nature of 
Mercury’s magnetic field, (4) the size and state of the core, 
(5) the volatile inventory at Mercury’s poles, and (6) the 
nature of Mercury’s exosphere and magnetosphere. 

Measurement Requirements. The above scientific 
objectives in turn lead to the mission measurement require- 
ments. Scientific objective (1) leads to a requirement for 
global maps of elemental composition at a resolution suffi- 
cient to discern major units and to distinguish material exca- 
vated and ejected by young impact craters from a possible 
veneer of cometary and meteoritic material. Information on 
surface mineralogy is also important. Objective (2) leads to 
the requirement for global monochrome imaging at a resolu- 
tion of hundreds of meters or better, topographic profiles 
across key geological features from altimetry or stereo, and 
spectral measurements of major geologic units at spatial 
resolutions of several kilometers or better. Objective (3) 
leads to a requirement for magnetometry, both near the 
planet and throughout the magnetosphere, as well as for en- 
ergetic particle and plasma measurements so as to isolate 
external from internal fields. Objective (4) can be met by 
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altimetric measurement of the amplitude of Mercury’s physi- 
cal libration and determination of the planet’s obliquity and 
low-degree gravitational field. Objective (5) can be met by 
remote and in situ identification of neutral and charged spe- 
cies in the polar atmosphere, remote assessment of surface 
composition, particularly hydrogen content, and imaging and 
altimetry of polar-region craters. Objective (6) leads to 
measurement requirements for the identification of all major 
neutral species in the exosphere and all charged species in 
the magnetosphere. 

Payload. The MESSENGER measurement require- 
ments are met by a suite of seven scientific instruments plus 
the spacecraft communication system [14]. There is a dual 
imaging system for wide and narrow fields-of-view, mono- 
chrome and color imaging, and stereo; X-ray and combined 
gamma-ray and neutron spectrometers for surface chemical 
mapping; a magnetometer; a laser altimeter; a combined UV- 
visible and visible-near-infrared spectrometer to survey both 
exospheric species and surface mineralogy; and an energetic 
particle and plasma spectrometer to sample charged species 
in the magnetosphere. The payload instrumentation provides 
functional redundancy across scientific objectives and yields 
important consistency checks of results obtained with more 
than one instrument. 

Mission Design. The baseline MESSENGER mission 
employs state-of-the-art chemical propulsion and multiple 
gravitational flybys to reach Mercury orbit [15]. Both the 
flybys and the orbit have been optimized to satisfy all scien- 
tific measurement requirements while meeting the constraints 
of the Discovery Program. The mission profile has also been 
carefully tailored to include prudent schedule and mass mar- 
gins and reserves. Fuel reserves and maneuver schedule 
margins are included to provide resiliency and to minimize 
risk in mission implementation. 

Launched in March 2004 by a Delta 2925H-9.5 during 
a 20-day launch window,. MESSENGER executes two grav- 
ity assists at Venus and two at Mercury. Orbit insertion is 
accomplished at the third Mercury encounter in April 2009. 
The periapsis altitude and orbit phasing for MESSENGER 
are optimized to balance thermal constraints against science 
requirements. The inclination (80°) and initial latitude of 
periapsis (60°N) result from a complex set of trade-space 
optimizations driven by imaging, altimetry, and radio science 
coverage requirements as well as thermal input and space- 
craft mass. A 12-hour orbit period simplifies thermal design 
and mission operations. The orbital phase of the mission 
lasts four Mer-cury years, needed to measure the amplitude 
of the planet’s physical libration, and two Mercury solar 
days, which will permit repeat imaging coverage of all terrain 
for stereo measurements and high-resolution observations of 
targets of interest. 

Spacecraft Description. MESSENGER is a 3-axis, 
zero-biased, momentum-controlled spacecraft [15]. The 
design approach makes use of commonly available materials, 


minimal moving parts, and maximum heritage. Key design 
concepts include a ceramic-cloth sunshade, an integrated 
lightweight structure and high-performance propulsion sys- 
tem, dual phased-array antennas, a fully redundant integrated 
electronics module for avionics functions, a solar array in- 
corporating optical solar reflectors, and a high level of 
spacecraft autonomy. The sunshade maintains the spacecraft 
at room temperature. The integrated structure and propul- 
sion system provides ample mass margin. The solar array 
provides thermal margin even if the panels are inadvertently 
pointed directly at the Sun at Mercury perihelion. 

Expected Data. During each of the flybys of Mercury, 
regions unexplored by Mariner 10 will be seen for the first 
time. New data will be gathered on Mercury’s exosphere and 
magnetosphere as will the first information on surface com- 
position. Approach and departure movies as well as high- 
resolution imagery will bring the mission alive to both the 
scientific community and the public at large. During the 
orbital phase of the mission, MESSENGER’S science strat- 
egy shifts to detailed global mapping; characterization of the 
exosphere, magnetosphere, and polar deposits; acquisition of 
gravity field and topographic data for elucidation of internal 
structure; and focused investigation of high-priority targets 
identified during the flybys. All mission data will be pro- 
vided to the Planetary Data System and the scientific com- 
munity as soon as processing and validation are complete. 

MESSENGER will be the first spacecraft to visit Mer- 
cury in more than 30 years and the first spacecraft to be 
placed in orbit about that planet. Observations to be made 
during the MESSENGER mission can be expected to ad- 
vance substantially our knowledge of the formation and 
evolution of Mercury and of the terrestrial planets in general. 
Comparative studies of planetary geology, planetary compo- 
sition and structure, magnetic field generation, and planetary 
exospheres and magnetospheres will all benefit from the new 
information that MESSENGER will reveal. 
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Introduction: Several attempts with ground-based 
spectrographs were made to find C0 2 in Mercury’s 
atmosphere during the 1960’s [I], [2], [3], [4], [5], and 
1970’s [6]. But no atmosphere was discovered until 
Mariner 10 identified H, He, and possibly O with the 
Broadfoot et al. airglow polychromater [7], [8] and 
made several upper limit measurements with the solar 
occultation instrument. In these experiments, limited 
wavelength bands were pre-determined based upon 
optical requirements and expectations of what might 
exist in an entirely unknown atmosphere. In 1985, 
Potter and Morgan were studying a phenomenon called 
the Ring effect observed as infilling of Fraunhofer lines 
in the reflected continuum from the lunar surface. For 
comparison, they shifted their view to Mercury and 
beheld significant emission lines, high above the con- 
tinuum at 5890 and 5896A, the wavelengths of the Na 
resonance lines [9]. This discovery renewed ground- 
based spectroscopic search efforts that have resulted in 
discoveries of K [10], Ca [11] and set an upper limit on 
Li [12]. 

The pressure of the known atmosphere is -10~ 12 b. 
Mercury’s atmospheric atoms do not collide apprecia- 
bly with one another, only with the surface. For this 
reason it is called a surface-bounded-atmosphere. If the 
atmosphere were homogeneously distributed and its 
atoms assumed a Maxwellian speed distribution it 
would be called a surface-bounded-exosphere [13]. But 
Mercury’s atmosphere has multiple speed distributions 
with some and perhaps all species having multiple 
speed components that result from differing source, 
release, and recycling mechanisms. All of the known 
species were discovered by measuring emission of 
some, but not all, strong resonance lines in the ultra- 
violet and visible wavelengths. It is likely that MES- 
SENGER [14] will make new discoveries with its at- 
mospheric and surface composition spectrograph 
(MASCS) [15] because it covers the region from 1150 
to 6000 A with no breaks and a resolving power suffi- 
cient to observe very faint resonant emissions above 
Mercury’s limb. 

Multiple Speed Components: For H and He at 
least two populations, a high temperature, and a low 
temperature, were discovered as a result of modeling 
density and height profiles above the planet’s limb. For 
H, Shemansky and Broadfoot suggest that the cold 
component results from atoms hopping from the night 
side and the smaller warmer component is coupled to 


the surface temperatures of the day side [16]. Smith et 
al. [17] modeled the Mariner 10 He data iteratively 
until nearly matching the line-of-sight abundances that 
were measured as the slit was moved across the disk of 
Mercury. The He extends to 3000 - 4000 km above the 
surface and thus was seen against the night side of the 
planet and well off the sub-solar limb. Departures from 
the model, which attempted to rigorously reproduce the 
gas-surface interactions of He adsorption and desorp- 
tion across the day and night side, were significant 
pointing toward the conclusion that the physics of ad- 
sorption and desorption processes were not well under- 
stood. 

For Na, detection of multiple speed components 
was possible because the width and shape of the reso- 
nant emission line could be observed and modeled. 
Potter and Morgan [18] partially resolved the hyperfine 
splitting of the strongest (D2) emission line — subse- 
quent modeling revealed a large fraction of the atoms 
must be near a most probable speed of 600 m s' 1 with 
an equivalent temperature of -500 K. The wings of the 
line could be fitted with a significant fraction of much 
hotter Na, perhaps up to -1000 K. Later observations 
by Killen et al [19], with latitudinal descrimination 
made at the Anglo Australian telescope in Australia, 
measured lines with no evidence of the hyper-fine 
structure, indicating much warmer temperatures and 
higher speed atoms with multiple speeds being ob- 
served at the equator and polar regions (-600 - 1500 
K). Imaging searches have been made for an extended 
Na corona like that seen at the Moon by Mendillo et al. 
[20] but to date no evidence for such has been found at 
Mercury in images that have been properly corrected 
for “seeing smear”. 

For K, there are no measurements to date which can 
be used to discriminate multiple speed components. 

For Ca, Bida et al. [11] observed off-planet 
emission above and beyond the southern hemisphere of 
Mercury using the sensitive KECK faint object spec- 
trograph. Bida et al. interpret line widths to indicate 
high speed and hot (-12,000 K) atoms. The equivalent 
most probable speed for Ca is -2.2 km s’ 1 , still consid- 
erably less than Mercury's escape velocity of 
4.2 km s’ 1 . 


Atmospheric Sources, Release and Recycling 
Processes: The multiple speeds indicate that there are 
multiple physical processes at work to either provide 
new atoms to the atmosphere from meteoritic, surface 
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quantum efficiency, high responsivity, and are sensitive 
to less than 28 pm. This along with the rest of the 
uniquely designed instrument, gives a background- 
limited instrument that can simultaneously scan the 
entire spectral region at once with a resolving power of 
-50. 

Results: Spectra for the two dates and unique sur- 
face regions sampled exhibit different features. They 
are both much smoother than the spectra obtained with 
HIFOGS from the IRTF [2] and from the KAO [5], yet 
show more structure than the FTS spectra [4]. One 
difference between the BASS [6] and FTS [4] meas- 
urements is the short wavelength end of the spectrum. 
Measurements by Cooper et al. [4] do not cover the 
region of the Christiansen emission maximum if it is 
present short of 8 pm. The BASS data begin and 5 pm 
and show a Christiansen emission maximum near 8 pm 
consistent with [1] and [2]. The composite spectrum of 
Sprague et al. [5] did not cover the spectral region 
short of 8.13 pm. 

References: [1] Tyler, A.L. et al. (1988) GRL, 15, 
8, 808-811. [2] Sprague et al. (1992) Icarus, 109, 156 - 
167. [3] Emery et al. (1998) Icarus 136 , 104 - 123. [4] 
Cooper, B. et al. (2001) JGR, In Press . [5] Sprague et 
al. (2000) Icarus 147 , 421 - 432. [6] Sprague et al. 
(1996) Bull. Amer. Ast. Soc ., 30, 3, 50P.06 (1998). 
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The Mariner 10 mission in 1974 mapped about half the surface of Mercury. On the basis of these data, we have a 
first-order understanding of the geology and history of the planet [1,2]. Mercury’s surface shows intercrater plains, 
basins, smooth plains, craters, and tectonic features (Figure 1). 

Intercrater plains Mercury's oldest surface is its intercrater plains [1,3], which are present (but much less 
extensive) on the Moon. The intercrater plains are level to gently rolling terrain that occur between and around large 
craters. The plains predate the heavily cratered terrain, and have obliterated many of the early craters and basins of 
Mercury [1,4]; they probably formed by widespread volcanism early in mercurian history. 

Craters Mercurian craters have the morphological elements of lunar craters: the smaller craters are bowl-shaped, 
and with increasing size, they develop scalloped rims, central peaks, and terraces on the inner walls [3]. The ejecta 
sheets have a hilly, lineated texture and swarms of secondary impa ct crat ers. Fresh craters of all sizes have dark or 
bright halos and well developed ray systems. Although mercurian and lunar craters are superficially similar, they 
show subtle differences, especially in deposit extent. The continuous ejecta and fields of secondary craters on 
Mercury are far less extensive (by a factor of about 0.65) for a given rim diameter than those of comparable lunar 
craters. This difference results from the 2.5 times higher gravitational field on Mercury compared with the Moon 
[3]. As on the Moon, impact craters on Mercury are progressively degraded by subsequent impacts [1,4]. The 
freshest craters have ray systems and a crisp morphology. With further degradation, the craters lose their crisp 
morphology and rays and features on the continuous ejecta become more blurred until only the raised rim near the 
crater remains recognizable. Because craters become progressively degraded with time, the degree of degradation 
gives a rough indication of the crater's relative age [4]. On the assumption that craters of similar size and 
morphology are roughly the same age, it is possible to place constraints on the ages of other underlying or overlying 
units and thus to globally map the relative age of craters (Fig. 1). 

Basins At least 15 ancient basins have been identified on Mercury [4]. Tolstoj is a true multi-ring basin, displaying 
at least two, and possibly as many as four, concentric rings [4,5]. It has a well-preserved ejecta blanket extending 
outward as much as 500 km from its rim. The basin interior is flooded with plains that clearly postdate the ejecta 
deposits. Beethoven has only one, subdued massif-like rim 625 km in diameter, but displays an impressive, well- 
lineated ejecta blanket that extends as far as 500 km. As at Tolstoj, Beethoven ejecta is asymmetric. The Caloris 
basin is defined by a ring of mountains 1300 km in diameter [4,6,7]. Individual massifs are typically 30 to 50 km 
long; the inner edge of the unit is marked by basin-facing scarps [7]. Lineated terrain extends for about 1,000 km out 
from the foot of a weak discontinuous scarp on the outer edge of the Caloris mountains; this terrain is similar to the 
’'sculpture” surrounding the Imbrium basin on the Moon [4,7]. Hummocky material forms a broad annulus about 
800 km from the Caloris mountains. It consists of low, closely spaced to scattered hills about 0.3 to 1 km across and 
from tens of meters to a few hundred meters high. The outer boundary of this unit is gradational with the (younger) 
smooth plains that occur in the same region. A hilly and furrowed terrain is found antipodal to the Caloris basin, 
probably created by antipodal convergence of intense seismic waves generated by the Caloris impact [8]. 

Smooth plains The floor of the Caloris basin is deformed by sinuous ridges and fractures, giving the basin fill a 
grossly polygonal pattern. These plains may be volcanic, formed by the release of magma as part of the impact 
event, or a thick sheet of impact melt. Widespread areas of Mercury are covered by relatively flat, sparsely cratered 
plains materials [4, 9]. They fill depressions that range in size from regional troughs to crater floors. The smooth 
plains are similar to the maria of the Moon, an obvious difference being that the smooth plains have the same albedo 
as the intercrater plains. Smooth plains are most strikingly exposed in a broad annulus around the Caloris basin (Fig 
1). No unequivocal volcanic features, such as flow lobes, leveed channels, domes, or cones are visible. Crater 
densities indicate that the smooth plains are significantly younger than ejecta from the Caloris basin [4]. In addition, 
distinct color units, some of lobate shape, are observed in newly processed color data [10]. Such relations strongly 
support a volcanic origin for the mercurian smooth plains, even in the absence of diagnostic landforms [4,9,10]. 
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and sub-surface materials or to provide atoms that have 
adsorbed on to the surface and are being released into 
the atmosphere for the second time or more. The proc- 
esses that appear to be at work are meteoritic volatili- 
zation (including the steady flux of interplanetary dust 
particles), outgassing and thermal desorption (evapo- 
ration), photo-stimulated desorption (photodesorption), 
and some type of high energy sputtering. In addition, a 
small component of Na and other atomic species, espe- 
cially H and He come from the Sun and are delivered 
to the surface as ions in the solar wind. Of course, 
Mercury's intrinsic magnetic field must, and does play 
a role because neutrals are quickly ionized and interact 
in unknown ways with the fields near and above the 
surface. 

Differentiating One Source from Another: 

There is a 3 decade history of theoretical models at- 
tempting to decipher the data in terms of the sources, 
release mechanisms and recycling processes [7], [8], 
[9], [10], [11], [12], [16], [17], [19], [21], [22], [23], 
[24], [25], [26] and others. Visual models of Na and K 
coronae by Smyth and Marconi [27] of different speed 
distributions have been helpful aids for exploration of 
the effects of solar radiation pressure and escape. 
Studies of ions and their interaction with the magneto- 
sphere and Mercury’s surface are very important [28], 
[29], [30]. 

Atmosphere and Surface Link: Obviously the at- 
mosphere and surface are linked by the gas-surface 
interface-the place where collisions, storage, and re- 
lease occur. But, does the atmospheric composition 
reflect, in any way, the surface composition? This has 
been a question devotedly studied by many, most of 
them referenced above, especially since the discovery 
of Na and K. The cosmochemical importance of 
knowing if Mercury is enriched in Na and K over 
amounts predicted by standard solar system formation 
theories is great. The issue of volatiles at Mercury is 
one of intense interest. Discoveries to be made by in- 
strumentation on MESSENGER may permit us to fi- 
nally answer the question driving ground-based tele- 
scopic observations of both surface and atmosphere. 
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Introduction: Measurements of Mercury’s thermal 
emission spectrum were made at the 3 m NASA Infra- 
red Telescope Facility (IRTF) in Mauna Kea, Hawaii 
on March 21 and 22, 1998, and on May 11 and 12, 
1998. The physical parameters of the observations are 
given below in Table I. 

Table I 



21 Mar 1998 

12 May 1998 


22 h UT 

20 h UT 

Elongation 

El 8° 

W25° 

Right Asc. 

l h 7 n ’4.75 s 

l h 44 m 12.6 i 

Dec. 

9° 56’ 15.4” 

7° 32’ 13.4” 

Helio. Dis. AU 

0.3260874 

0.4325478 

Geo. Dis. AU 

0.8564186 

0.9648811 

Diam. 

7.85” 

6.97” 

Frac. 111. 

0.363 

0.558 

Phase Angle 

105.9° 

83.3° 

sub-E Lat. 

-5.99° 

0.44° 

sub-E Long. 

106.3° 

58.0° 

sub-Sol Lat. 

0.0° 

1 

o 

o 

o 

sub-Sol Long. 

0.3° 

141.3° 


The major purpose of the observations was to ob- 
tain information regarding the physical and chemical 
properties of Mercury’s surface materials. In theory 
telescopic mid-infrared observations of planetary sur- 
faces should yield spectral features that can be assigned 
to know Reststrahlen and other mineralogically caused 
features [1,2]. When taken as a whole, however, dif- 
ferences between the 14 published spectra obtained 
with different instruments exhibit differences which 
cannot be explained easily by differences in the chemi- 
cal make up of Mercury’s soils, rocks and minerals 
observed. Thus, another purpose of these observations 
was to compare thermal emission spectra from the 
BroadBand Array Spectrograph (BASS) on the IRTF 
to those obtained by four other telescope, circular vari- 
able filter (CVF), and spectrograph configurations: I) 
the ATI CVF on the IRTF [1] 2) the High Resolution 
Grating Spectrometer (HEFOGS) from the IRTF [2] 
that exhibited spectral features resembling silicate 
Reststrahlen bands, transparency features, and from 
the 1m, Kuiper Airborne Observatory (KAO), in one 
case from 5 - 7 pm, a significantly high emission fea- 
ture [3]. The BASS spectra are also compared to those 
obtained with the McMath Pierce 1.5m Solar Tele- 


scope on Kitt Peak with the Fourier transform spec- 
trometer (FTS) [4], and to a spectral composite from 
mid-infrared (8-13 pm) images obtained with the 
Mid-Infrared Array Camera (MIRAC) and the Steward 
Observatory 2.4m telescope on Kitt Peak [5]. All 
comparisons are inexact because of different viewing 
geometry on Mercury (sub-solar longitude and sub- 
Earth longitude), spectrograph aperture size (which can 
either isolate a portion of the illuminated surface or 
include the entire Earth-facing disk of Mercury), dif- 
fraction limit of the telescope used which is a function 
of telescope mirror diameter (limits the spatial resolu- 
tion on the surface), and spectrograph resolving power 
(A/AX). A comparison of telescope and spectrograph 
parameters is given in Table n. 


Table II 


Reference 

[i] 

[2] 

[3] 

[4] 

[5] 

[6] 

Telescope 
diameter (ni) 

3 

3 

1 

15 

24 

3 

DifBacdon 

&rritatl€pm 

(arcseconds) 

Q73 

073 

22 

15 

09 

Q73 

Spectrograph 
resolving 
poster at 
10 pm 

-40 

CVF 

-250 

*8 

-250 

ga- 

-la* 

FIS 

-40 

CVF 

-50 

prian 

Spectrograph 
aperture size 

& 
05 x 
3 

i, 

05 

3 

>10 

05 

3 

Mauiy 

diameter 

(arcseconds) 

7,7 

7,9 

6,5 

7,7, 

7j6 

8,8 

a7 

Fraction 

flLmninated 

06 

06 

05, 

03 

05, 

05 

0.6 

06 

06 

0.7 

o o 

0.4, 

0.6 


Instrumentation: The Aerospace Corporation’s 
broadband array spectrograph (BASS) was used for 
these measurements. The BASS instrument is a low 
resolution spectrograph that covers the 2.9 to 13.5 pm 
spectral region. The instrument consists of two 58 - 
element Blocked Impurity Band (BIB) detector arrays, 
two uniquely curved prisms, two mirrors, a beam 
splitter and the field optics. The BIB arrays have high 
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Tectonic features Lobate scarps are widely distributed over Mercury [4,9,1 1] and consist of sinuous to arcuate 
scarps that transect preexisting plains and craters. They are most convincingly interpreted as thrust faults, indicating 
a period of global compression [11]. The lobate scarps typically transect smooth plains materials (early Calorian 
age) on the floors of craters, but post-Caloris craters are superposed on them. These observations suggest that 
lobate-scarp formation was confined to a relatively narrow interval of time, beginning in the late pre-Tolstojan 
period and ending in the middle to late Calorian Period. In addition to scarps, wrinkle ridges occur in the smooth 
plains materials. These ridges probably were formed by local to regional surface compression caused by lithospheric 
loading by dense stacks of volcanic lavas, as suggested for those of the lunar maria [4,11]. 

Geological history The earliest decipherable event in Mercury's history was the formation of its crust. By analogy 
with the Moon, Mercury may have experienced early global melting, similar to the lunar magma ocean , whereby 
large-scale melting of at least the outer few hundred kilometers of the planet would concentrate low-density 
plagioclase into the uppermost part of the crust. If this process operated during early mercurian history, then its crust 
is probably composed largely of anorthositic rocks. Such a composition is consistent with full-disc spectra [12] and 
Mariner 10 color data for Mercury [13], which suggest that Mercury's surface is similar to the Apollo 16 site in the 
highlands of the Moon [10,12,13]. The early cratering record of Mercury has been largely destroyed by the 
deposition of the intercrater plains, but the largest multi-ring basins have been partly preserved. Sometime during 
the heavy bombardment, intercrater plains materials largely obliterated the older crater population (Fig. 1). The 
global distribution of the intercrater plains suggests that they may be at least partly volcanic in origin, although 
subsequent cratering has converted the original surface to breccia. The Tolstoj basin impact marked the beginning of 
the Tolstojan Period, still a time of high impact rates. The Caloris impact formed the largest well-preserved basin on 
Mercury's surface (Fig. 1) and provided an extensive stratigraphic datum on the planet. Catastrophic seismic 
vibrations from the Caloris impact probably formed the hilly and furrowed terrain on the opposite side of the planet. 
Shortly after the Caloris impact, massive extrusions of flood lavas formed the smooth plains. A rapidly declining 
cratering rate has produced minimal changes to Mercury's surface since the final emplacement of the smooth plains 
(Fig. 1). This low rate of cratering presently continues to produce regolith on all surface units. 

References [1] Mariner 10 Special Issue (1975) JGR 80. [2] Vilas F. et al., eds. (1988) Mercury. Univ. Arizona 
Press, 794 pp. [3] Gault D. E. et al (1975) JGR 80, 2444. [4] Spudis P.D. and Guest J.E. (1988) in Mercury, 118- 
164. [5] Schaber G.G. et al. (1977) PEP1 15, 189. [6] McCauley J.F. (1977) PEPI 15, 220. [7] McCauley J.F. et al. 
(1981) Icarus 47, 184 [8] Schultz, P.H. and Gault, D.E. (1975) The Moon 12, 159-177. [9] Strom, R.G. et al. (1975) 
JGR 80, 2478. [10] Robinson M.R. and Lucey P.G. (1997) Science 275, 197-200. [11] Melosh H.J. and McKinnon 
W.B. (1988) In Mercury, 374-400. [12] Vilas F. (1988) in Mercury, 59-77. [13] Robinson M.R. and Taylor G.J. 
(2001) Meteoritics Planet. Sci. 36, in press. 



Figure 1 Geological map of the planet 
Mercury. Dark browns and tans - pre-Tolstojan 
craters, basins, and intercrater plains. Lighter 
browns and orange - Tolstojan craters and 
plains, respectively. Blues - units of the Caloris 
basin and craters of Calorian age. Pink - 
Calorian smooth plains. Greens and Yellows - 
Mansurian and Kuiperian age impact craters. 
After [4]. 
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Introduction: Mercury is the closest planet to the 
Sun and because it is so close, it is difficult to study 
from Earth-based observatories. Its proximity to the 
Sun has also limited the number of spacecraft to visit 
this tiny planet to just one, Mariner 10, which flew by 
Mercury twice in 1974 and once in 1975. Mariner 10 
provided a wealth of new information about Mercury, 
yet much still remains unknown about Mercury’s geo- 
logic history and the processes that led to its formation. 
The origin of Mercury’s metal-rich composition is just 
one area of investigation awaiting more and improved 
data to sort between competing hypotheses. Mercury 
plays an important role in comparative planetology, 
and many of the processes that were important during 
its formation are relevant to the Earth’s early history. 

MESSENGER (MErcury Surface, Space ENvi- 
ronment, GEochemistry, and Ranging) is a Discovery 
mission that has been designed to fly by and orbit 
Mercury [1], [2], [3]. It will launch in March 2004, fly- 
by Mercury in 2007 and 2008 and enter an elliptical 
orbit in April 2009. During the one-year orbital phase, 
a suite of instruments on board the MESSENGER 
spacecraft will study the exosphere, magnetosphere, 
surface, and interior of Mercury. One of these instru- 
ments will be an X-Ray Spectrometer (XRS) that will 
measure surface elemental abundances. Remote X-ray 
spectroscopy has been accomplished before on the 
Apollo 15 and 16 missions, and more recently on 
NEAR Shoemaker [4]. 

The MESSENGER XRS will measure characteris- 
tic X-ray emissions induced in the surface of Mercury 
by the incident solar flux. The Ka lines for the ele- 
ments Mg, Al, Si, S, Ca, Ti, and Fe will be detected 
with spatial resolution on the order of 40 km when 
counting statistics are not a limiting factor. These 
measurements can be used to obtain quantitative in- 
formation on elemental composition. 

X-ray remote sensing: The X-ray spectrum of a 
planetary surface measured from orbit is dominated by 
a combination of the fluorescence excited by incident 
solar X-rays and coherently and incoherently scattered 
solar X-rays. The sampling depth is dependent on en- 
ergy, but is always less than lOOjum. The most promi- 
nent fluorescent lines are the Ka lines (1-10 keV) 
from the major elements Mg (1.254 keV), Al (1.487 


keV), Si (1.740 keV), S (2.308 keV), Ca (3.691 keV), 
Ti (4.508 keV), and Fe (6.403 keV). The strength of 
these emissions from planetary surfaces is strongly 
dependent on the chemical composition of the surface 
as well as on the incident solar spectrum, but is of suf- 
ficient intensity to allow orbital measurement by de- 
tectors like those on the MESSENGER spacecraft. 

The coherently and incoherently scattered solar X- 
rays are one source of background signal. Astronomi- 
cal X-ray sky sources, which could also be sources of 
background, are eliminated at Mercury, because the 
XRS is collimated to a 12° field of view, and the planet 
completely fills the field of view even when the space- 
craft is at apoapsis. 

Because incident solar X-rays are the excitation 
source for X-rays generated from a planetary surface, 
knowledge of the solar spectrum is necessary for 
quantitative analyses. The solar flux from 1 to 10 keV 
is composed of a continuum and discrete lines, both of 
which vary with solar activity. This process is well 
understood and theoretical models accurately predict 
the solar spectrum. The solar intensity decreases by 
three to four orders of magnitude from 1 to 10 keV. 
Fluorescent lines as well as the scatter-induced back- 
ground, therefore, have greater intensity at lower ener- 
gies. As the level of solar activity increases, relatively 
more output occurs at higher energies, the slope of the 
spectrum becomes less steep, and the overall magni- 
tude of the X-ray flux increases. This process is called 
hardening. 

Instrument Design: The XRS is an improved ver- 
sion of the NEAR Shoemaker X-Ray Spectrometer 
design [5]. Three gas proportional counters view the 
planet, and a state-of-the-art S i-PIN detector mounted 
on the spacecraft sunshade views the Sun. (See Table 
1.) The energy resolution of the gas proportional 
counters (-850 eV at 5.9 keV) is sufficient to resolve 
the X-ray lines above 2 keV, but Al and Mg filters on 
two of the planet-facing detectors are required to dif- 
ferentially separate the lower energy X-ray lines from 
Al, Mg, and Si. This balanced filter technique has 
worked well on NEAR Shoemaker [4], A Be-Cu hon- 
eycomb collimator provides a 12° FOV, whTch is 
smaller than the planet at apoapsis and eliminates the 
X-ray sky background. 
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Table 1. XRS Characteristics 


Measured Elements 

Mg, Al, Si, S, Ca, Ti, Fe 

Solar Monitor 

Si-PIN, 300 |im thick, 0.12 
mm 2 

Detectors 

3 gas proportional counters, 
10 cm 2 each 

Field-of-view 

12°, Be-Cu honeycomb col- 
limator 

Window 

Beryllium 25 

Balanced Filters 

8.5 |am Mg; 8.5 jam Al 

Energy Range 

0.7 to lOkeV 

Energy Resolution 

850 eV fwhm @5.9 keV 

Maximum input rate 

20 kHz 

Integration period 

50 s @ periherm; 2000 s @ 
apoherm 


Improvement of the signal to background ratio 
compared to the NEAR XRS was of primary impor- 
tance in the design for MESSENGER. Background 
reduction in the planet- facing gas tubes is enhanced by 
a set of anti-coincidence wires, located near the pe- 
riphery of the tubes, which detect penetrating cosmic- 
ray and gamma-ray events. An internal Be liner blocks 
X-rays produced by cosmic-ray interactions in the de- 
tector Ti tube walls. 

It is also important to note that the XRS observing 
geometry on MESSENGER will be significantly im- 
proved over that on NEAR. Measurements where the 
solar incidence angle and detector- vie wing angle are 
less than 60° and the instrument field of view is filled 
by the planet are best. On MESSENGER these condi- 
tions will occur about 50% of the time. On NEAR this 
number was only about 5%. 

The solar monitor that tracks the solar X-ray input 
to the planet, is a small (~0.1 mm 2 ) Si-PIN detector 
with a thin Be window that provides thermal protec- 
tion. The NEAR Shoemaker mission was the first to 
fly the high-resolution (-600 eV at 5.9 keV) Si-PIN X- 
ray detector technology (as a solar flux monitor). An 


improved version was subsequently flown on the Mars 
Pathfinder rover. The XRS solar flux monitor is a 
third-generation design that uses discrete resets rather 
than resistive feedback to compensate for diode leak- 
age currents. This design gives it better energy resolu- 
tion (-300 eV at 5.9 keV) and greater radiation immu- 
nity. 

XRS Sensitivities: The MESSENGER X-Ray 
Spectrometer will detect several elements of geologic 
significance on the surface of Mercury. The spatial 
resolution will depend upon proximity to the planet 
and the intensity and shape of the exciting solar spec- 
trum. Table 2 lists the required integration times for 
identifying the listed elements at the 10% uncertainty 
level for different solar conditions for MESSENGER. 
Integration times vary due to elemental abundance, 
solar spectrum and background rejection efficiency. 
Because of the very steep slope of the incident solar 
spectrum, the fluorescence from the heavier elements 
(Fe, Ti, and Ca) will only be detected during solar 
flares. Fluorescence from Mg, Al, and Si will be de- 
tected even during quiescent solar conditions. 

The XRS will attain its finest spatial resolution 
(-40 km) at periherm, which occurs over Mercury’s 
Northern Hemisphere. However, due to the extreme 
elliptical orbit of the MESSENGER spacecraft, this 
will amount to only 15 minutes out of every 12-hour 
orbit or 180 hours during the one-year orbital phase of 
the mission. In the Southern Hemisphere spatial reso- 
lution will be ~3000 km. 

References: [1] Solomon, S. C. et al (2001) 
Planet. Space Sci. accepted for publication. [2] Gold R. 
E. et al (2001) Planet. Space Sci. accepted for publi- 
cation, [3] Santo A. G. et al (2001) Planet. Space Sci. 
accepted for publication. [4] Trombka, J. I. et al 
(2000) Science 289 , 2101-2104. [5] Trombka, J. I. et 
al (1997) JGR 102 , 23,729-23,750. [6] Bruckner J. 
and Masarik J. (1997) Planet. Space Sci. 45, 39-48. 


Table 2. XRS Observation Times 

Element 

Assumed 

abndances 

Proportional counter with 95% 
background rejection 

Proportional counter with 75% 
background rejection 

Normal 

Flare 

Normal 

Flare 

Fe 

2.3% 

— 

80s 

— 

2 min 

Ti 

1.0% 

— 

3 min 

— 

4 min 

Ca 

4.0% 

— 

10 s 

— 

30 s 

Si 

21.5% 

7 min 

2 min 

18 min 

3 min 

Al 

3.0% 

2 hr 

22 min 

8 hr 

50 min 

Me 

22.5% 

5 min 

2 min 

11 min 

3 min 

Counting times are those required to reproduce the assumed composition at the 10% uncertainty level. Assumed abundances are 

from Bruckner and Masarik [6]. Count rates are scaled from those made by NEAR in July 2000 (1 .78 AU) to the assumed com- 


position at Mercury (at 0.387 AU). 
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Introduction: Mercury is unique. It is the densest 
planet, undoubtedly because it has a large metallic 
core. Spectral observations indicate that its surface is 
low in FeO (the best guess is around 3 wt% [1], but it 
might have none). Unambiguous lava plains have low 
FeO, indicating that their source regons in the mercu- 
rian mantle also contain little FeO, 2-3 wt% [2]; we 
infer that the entire mercurian mantle is low in FeO. In 
contrast, the bulk silicate Earth [3] and Venus [2] con- 
tain more FeO (about 8 wt%), and Mars contains about 
18 wt% [4]. Do these compositional features of Mer- 
cury reflect its location near the Sun? Lewis [5] sug- 
gested that temperature gradients in the solar nebula 
led to variations in chemical composition of the plan- 
ets. The FeO variation from Mercury to Earth and Ve- 
nus to Mars is consistent with this idea. Alternatively, 
could Mercury simply be the product of stochastic 
events [6]? In this view, the terrestrial planets accreted 
from material from the whole inner solar system [7], 
and Mercury's high density is due to a large impact that 
removed much of its original mantle [8] or other proc- 
esses that fractionated metal from silicate [9]. So, is 
Mercury an end-member planet that contains a record 
of its formation near the Sun? Or is it an accident of 
accretion and giant impacts? 

Width of planetary accretion zones: Wetherili [7] 
modeled the accretion of the terrestrial planets from a 
disk of lunar to Mars-sized embryos. He found wide- 
spread gravitational mixing of the embryos and their 
fragments, which ensured that each terrestrial planet 
formed from material originally located throughout the 
inner solar system (0.5 to 2.5 AU). Thus any initial 
radial chemical variations in the compositions of the 
planetesimals would be largely erased as the planets 
accreted. Wetherili [7] found no obvious tendency for 
Mercury-like planets to be derived from material ini- 
tially located at the inner edge of the disk of embryos. 
However, these models appear incompatible with the 
inferred mantle FeO concentrations of the planets, 
which increase with heliocentric distance from 2-3 wt% 
at Mercury to 1 8 wt% at Mars. 

Subsequent modeling by Chambers and Wetherili 
[10] confirmed that Earth- and Venus-like planets ac- 
crete from broad zones. However, their models sug- 
gest that Mars may be a single embryo, i.e., a body that 
formed during earlier runaway growth when orbits 
were nearly circular and coplanar. Thus, Mars may be 
derived from a restricted part of the nebula that was 
poorly sampled by the other planets. Accretion models 


for Mercury are critically dependent on the assumed 
initial conditions and the reason for its small size. We 
suggest that Mercury may be small and chemically 
distinctive because it also formed from a single em- 
bryo. 

Clues from chondrites: The notion that chondrites 
were the building blocks of the planets has a long his- 
tory, but enthusiasm for the idea has waned. S. R. 
Taylor [6] argued instead that stochastic events were 
largely responsible for chemical differences between 
terrestrial planets and that chondrite groups and planets 
are unrelated because they formed in separate loca- 
tions. We have suggested [11] that certain chondrites 
and terrestrial planets are related because chondritic 
ingredients were transported across the nebula. 

Ca-Al-rich inclusions . CATs and refractory grains 
with exceptionally I6 0-rich compositions are found in 
all chondrite groups including Cl, CM, E, and O chon- 
drites, and micrometeorites. Their chemical and oxy- 
gen isotopic compositions indicate formation in a dust- 
enriched location, most probably near the protosun 
[12]. Efficient distribution to cooler regions favors 
transportation by bipolar outflows [13]. 

Forsterite grains . Comets contain forsterite grains, 
which are absent in the interstellar medium [14]. They 
probably formed close to the protosun either by an- 
nealing of interstellar grains [15] or by condensation. 
Outward transport was provided by mixing in the neb- 
ula [16,17] or by bipolar outflows. 

Chondrules . The inferred depletion of refractory 
elements in chondrules from O and E chondrites and 
the l6 0-rich nature of Al-rich chondrules and forsteritic 
condensates suggest that chondrules and their associ- 
ated Fe,Ni grains partly formed from condensates by a 
CAT-related process [18]. Since chondrules and metal 
grains in metal-rich chondrites were hurled outwards 
after they condensed [19], chondrules, CAIs and for- 
sterite grains may have been transported by one proc- 
ess [13]. If chondrules had formed by melting of dust- 
balls at the accretion location, we should find vesicular 
chondrules in CM chondrites [20], but none is present. 

This evidence for outward transport of thermally 
processed materials from near the protosun suggests 
that terrestrial planets could have formed from similar 
materials. One class of chondrites may be particularly 
suitable as examples of Mercury building blocks. The 
discovery of three new chondrite groups (CR, CH and 
Bencubbin-like) among Antarctic meteorites has 
greatly expanded the compositional range of chondrites 
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[21-25]. The new chondrites have normal levels of 
refractory elements but are richer in metallic Fe (some 
were classed as iron meteorites) and poorer in volatile 
elements like Na, K, and S than other chondrites. Ben- 
cubbin-like chondrites have more metal (-80 wt%) 
than Mercury (-70 wt%) and comparable FeO concen- 
trations. 

Did Mercury's formation involve a giant im- 
pact? Most authors have embraced the idea that Mer- 
cury’s high concentration of metal is a result of a giant 
impact that preferentially removed most of the silicate 
mantle [8]. However, the existence of metal-rich 
chondrites and the evidence for formation of their con- 
stituents near the protosun diminishes the need for such 
an event. In addition, successful impact models re- 
quired extreme conditions: a) targets containing 32 
wt% metallic iron; b) head on collisions at 20 km/s or 
oblique impacts at implausibly high collision speeds of 
35 km/s [26]; c) removal of all silicate ejecta as sub- 
centimeter-sized particles by the Poynting-Robertson 
effect to prevent silicates from reaccreting on to Mer- 
cury [8]. Most important, the impact model does not 
account for the unusually low bulk FeO concentration 
of Mercury. 

Compositional diversity among the terrestrial 
planets: Chondrites are quite diverse in composition. 
We propose that primary chemical differences among 
planetesimals were more important than giant impacts 
in establishing planetary compositions. However, the 
nebular processes responsible for diverse chondritic 
compositions are not clear. The low volatile abun- 
dances of metal-rich chondrites are consistent with 
Lewis’ equilibrium nebula condensation theory [5] and 
some metal grains have compositions consistent with 
condensation above 1200 K [27]. However, these 
chondrites could not have accreted above 1200 K, as 
Lewis inferred for Mercury, because their metal grains 
cooled in days or weeks to below 600 K [28]. Rapid 
condensation of metal and silicate in localized nebular 
processes may have triggered accretion of planetesi- 
mals. Thus Mercury may be small and metal-rich be- 
cause only a small fraction of the metal and an even 
smaller fraction of the silicate condensed and accreted . 
The remainder of the metal and silicate probably ac- 
companied the volatiles into the Sun. The feeding zone 
for Mercury might have included planetesimals from 
further out in the nebula, as argued by Wetherill [7], 
but it seems to have been dominated by planetesimals 
formed near its current location. Venus and Earth are 
also quite distinct from Mars, shown strikingly by their 
low FeO (about 8 wt%, versus 18 wt% for Mars). This 
suggests they might also have formed mostly from 
metal-rich chondrites (including enstatite chondrites), 
and possibly from planetesimals formed well within the 
orbit of Mars. 


Conclusions: Mercury does not appear to be the 
accidental product of stochastic processes. While we 
cannot rule out its formation from planetesimals 
throughout the inner solar system or that it was modi- 
fied by a giant impact, a strong case can be made that it 
is a surviving planetary embryo that formed from mate- 
rials near its current location. Metal-rich chondrites are 
reasonable analogs for the material that accreted to 
form Mercury. In fact, they might dominate the popu- 
lation of planetesimals that formed Mercury, Venus, 
and Earth, the metal-rich, FeO-poor planets. 

This idea can be tested by the MESSENGER mis- 
sion. If similar to metal-rich chondrites, the bulk com- 
position of Mercury should be low in FeO (as it ap- 
pears to be), have chondritic relative abundances of 
refractory elements (Th/U, ALTh), no enrichment in 
refractory elements over chondrites, and be low in 
volatile dements (K). 

References: [1] Blewett, D. T. et al. (1997) Icarus 
129, 217-231. [2] Robinson, M. S. and Taylor, G. J. 
(2001) MAPS 36, 841-847. [3] Jagoutz, E. et al. (1979) 
PLPSC 10th, 2031-2050. [4] Longhi, J. et al. (1992) 
Mars , 184-208. [5] Lewis J. S. (1972) EPSL 15, 286- 
290. [6] Taylor S. R. (1991) Meteoritics 26, 267-277. 
[7] Wetherill G.W. (1994) GCA 58, 4513-4520. [8] 
Benz W. et al. (1988) Icarus 74, 516-528. [9] Weiden- 
schilling, S. J. (1978) Icarus 35, 172-189. [10] Cham- 
bers J. E. and Wetherill G. W. (1998) Icarus 136, 304- 
327. [11] Scott, E. R. D., et al. (2001) MAPS, (ab- 
stract), in press. [12] Scott E. R. D. and Krot A. N. 
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APPLICATION OF AN UPDATED IMPACT CRATERING CHRONOLOGY MODEL TO MERCURY’S 
TIME-STRATIGRAPHIC SYSTEM. R. J. Wagner 1 , U. Wolf 1 , B. A. Ivanov 2 , and G. Neukum 1 , l DLR Institute 
of Space Sensor Technology and Planetary Exploration, Rutherfordstrasse 2, D-12489 Berlin, Germany, 2 Institute 
for Dynamics of Geospheres, Russian Acad. Sci., Leninsky Prospect 38/6, Moscow, Russia 117939 (e-mail of corre- 
sponding author: RoIand.Wagner@dlr.de) 


Introduction: During three close encounters with 
Mercury in 1974-1975, the camera onboard the Mari- 
ner-10 spacecraft has acquired images of 40-45 % of 
the total surface at spatial resolutions between 1 and 4 
km/pxl, with highest resolutions obtained in selected 
areas down to about 100 m/pxl. In this work we present 
results from crater size-frequency measurements car- 
ried out on various geologic units, using a recently up- 
dated crater production function polynomial and im- 
pact cratering chronology model derived for Mercury 
[1, and references therein] in order to reassess the time- 
stratigraphic system established for Mercury [2, 3, 4]. 
These investigations are prerequisite for further studies 
during two upcoming orbiting missions to Mercury, 
ESA’s Bepi-Colombo and NASA’s Messenger. 

Geologic overview: Mercury exhibits a lunar-like 
surface, dominated by numerous impact craters and 
multi-ring basins in various states of preservation [5, 
6 ]. 

Geologic units : Three major geologic units were 
identified [7]: (a) densely cratered terrain (highlands), 
with (b) intersp ersed smooth areas, the so-called inter- 
crater plains , and (c) lightly cratered low-land plains 
(or smooth plains). Inter-crater plains generally embay 
densely cratered highlands and old degraded multi-ring 
structures, hence are younger [7]. Emplacement of in- 
ter-crater plains very likely caused crater obliteration in 
highland areas at crater diameters smaller than about 
30 km, thus changing the shape of an otherwise ideal 
highland-type crater size-frequency distribution similar 
to the one found in lunar highland areas [8]. Low-land 
plains occur preferentially in association with impact 
structures, and in patches in highland areas [8]. They 
resemble lunar maria (except in brightness) and, as 
these, also feature wrinkle ridges [4]. Modes of em- 
placement for inter-crater plains and low-land plains 
are controversially discussed: some investigators favor 
an impact origin [7, 9], others conjecture a volcanic 
origin, despite the lack of unequivocal volcanic fea- 
tures [4, 5, 6]. 

Craters and multi-ring basins: Numerous basins 
with diameters larger than about 200 km and with at 
least two rings were found on Mercury [4]. Many of 
them are highly degraded and hence rather old features 
[10]. The Caloris basin is the youngest and largest one 
(about 1300 km in diameter) known so far. Craters, 
similar in morphology to lunar craters, and, as these, 


with increasingly complex forms with increasing di- 
ameters, were subdivided into 5 erosional classes, 
ranging from fresh, bright ray craters (class C5) to 
heavily degraded crater ruins (Cl) [3]. Some of the 
basins and craters provide important stratigraphic 
markers and were used to subdivide Mercury’s geo- 
logic history into time-stratigraphic systems and 
chronologic periods [1, 2, 3, 4, 8]. 

Tectonic features: Mercury was tectonically active 
in the past. Lineaments with trends of NE-SW and 
NW-SE in the equatorial regions, and E-W in the polar 
regions, predate the younger multi-ring basins and are 
believed to have been created by tidal despinning [11]. 
Thrusting events, caused by rapid cooling and contrac- 
tion of Mercury, created a large number of scarps and 
scarp systems, such as Discovery Rupes , which extend 
over several hundred kilometers [11]. 

Crater size-frequency measurements and cra- 
tering chronology: It has been discussed by several 
investigators that the shapes of crater size-frequency 
distributions measured on bodies in the inner solar 
system closely resemble each other, and also resemble 
the size distribution observed for Main Belt asteroids, 
which hence provide the major impactor source [1, 12, 
and references therein]. The lunar production function 
(polynomial of 1 1 th degree), was refined recently and 
applied to Mercury, taking into account differences in 
crater scaling between the two bodies [1, 12] (polyno- 
mial coefficients in [1]). This polynomial is used to fit 
measured crater size-frequency distributions. Relative 
ages of geologic units are given as cumulative frequen- 
cies equal to, or greater than, a reference diameter of 
10 km (Tab. 1). Estimates for Mercury/moon cratering 
rate ratios were used to derive a cratering chronology 
model function for Mercury [1, and references therein] 
(Fig. 1). It is characterized (a) by a rapid change in 
cumulative frequency with time for model ages older 
than about 3.3 Gyr (1 Gyr = 1 billion years), due to an 
exponential decay in cratering rate during the Late 
Heavy Bombardment (LHB) period, and (b) by only a 
small decrease in cumulative frequency with time for 
ages younger than about 3.3 Gyr, due to a more or less 
constant cratering rate ever since [1, 12]. Both cumu- 
lative frequencies for geologic units, based on the re- 
fined lunar production function, and their correspond- 
ing updated cratering model ages differ from values 
published earlier [8]. 
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Time-stratigraphy of Mercury: Mercury’s geo- 
logic history was subdivided into five time- 
stratigraphic systems or chronologic periods [2, 3, 4]: 
(1) pre-Tolstojan , (2) Tolstojan , (3) Calorian , (4) 
Mansurian, and (5) Kuiperiart (see Fig. 1). 

Pre-Tolstojan : This period ranges from the forma- 
tion of a crust until the formation of the Tolstoj multi- 
ring basin. Impacts created most of the highlands and a 
great number of now degraded multi-ring basins. Inter- 
crater plains were emplaced also in this period. Older 
highlands show a tectonic imprint of tidal despinning 
(lineaments). Toward the end of this period, planetary 
cooling and contraction started, creating scarps and 
scarp systems [4]. 

Tolstojan : The Tolstoj basin was created 3.97 Gyr 
ago, an age comparable to the 3.9 - 4 Gyr given by [4]. 
Smooth plains were emplaced, either by volcanism or 
impact. Tidal despinning and planetary contraction 
continued, causing lineaments and scarp systems to 
form [4]. 

Calorian : The impact of a large asteroid created the 
Caloris basin about 3.77 Gyr ago. This age derived in 
our model is much less than the one given by [4] and is 
closer to the model age of the lunar Orientale basin. 
The Late Heavy Bombardment ends within this period. 

Mansurian, Kuiperian: After the heavy bombard- 
ment, the cratering rate has been more or less constant 
until today. Younger craters formed, superposing older 
units such as multi-ring basins and scarp systems [4]. 
Youngest formations on the mercurian surface are 
bright ray craters such as Kuiper (60 km diameter). 
This time-stratigraphic scheme is far from complete 
since only 40^15 % of Mercury’s surface are known 
today, and since the spatial resolution of most parts of 
the surface imaged is not sufficient. 

References: [1] Ivanov B. A. et al. (2001) this vol- 
ume . [2] Holt H. E. (1978) in: Repts. Planet. Geol 
Prog ., NASA TM-79729 (abstract), 327. [3] McCauley 
J. F. et al. (1981) Icarus 47 , 184-202. [4] Spudis P. D. 
and Guest J. E. (1988) in: Mercury (F. Vilas, C. R. 
Chapman, and M. S. Matthews, eds.), Univ. of Arizona 
Press, Tucson, 336-373. [5] Murray B. C. et al. (1974) 
Science 185 , 169-179. [6] Murray B. C. et al. (1975) 
JGR 80 , 2508-2514. [7] Trask N. J. and Guest J. E. 
(1975) JGR 80 , 2462-2477. [8] Strom R. G. and Neu- 
kum G. (1988) in: Mercury (F. Vilas, C. R. Chapman, 
and M. S. Matthews, eds.), Univ. of Arizona Press, 
Tucson, 336-373. [9] Wilhelms D. E. (1976) Icarus 28, 
551-558. [10] Pike R. J. and Spudis P. D. (1987) 
Earth, Moon, and Planets 39, 129-194. [11] Melosh H. 
J. and McKinnon W. B. (1988) in: Mercury (F. Vilas, 
C. R. Chapman, and M. S. Matthews, eds.), Univ. of 
Arizona Press, Tucson, 374-400. [12] Neukum G. et 


al. (2001) in: Chronology and Evolution of Mars, ISSI, 
Kluwer (in press). 


Geologic 

Unit 

Cum. frequency 
(D>10 km) 

Crat. model age 
(Gyr) 


[8] 

this work 

[8] 

this work 

Kuiper 

- 

(4.04e-6) 

- 

(1.0) 

Mansur 

- 

(2.31e-5) 

- 

(3.5) 

Caloris 

6.85e-5 

7.51e-5 

3.85 

3.77+0.06 

Beetho- 

ven 

1.53e-4 

1.22e-4 

3.98 

3.86±0.05 

Tolstoj 

2.65e-4 

2.51e-4 

4.06 

3.97±0.05 

Pushkin 

3.45e-4 

2.72e-4 

4.10 

3.98±0.06 

Haydn 

3.65e-4 

2.76e-4 

4.11 

3.99+0.06 

Dosto- 

jewskij 

5.49e-4 

2.75e-4 

4.17 

3.99+0.06 

Chekhov 

4.04e-4 

4.15e-4 

4.12 

4.05±0.08 

High- 

lands 

5.99e-4 

4.81e-4 

4.18 

4.07±0.03 


Table 1: Cumulative frequencies (for D>10 km) 
and associated cratering model ages for major geologic 
units, craters and basins. Older values from [8] com- 
pared to updated values (this work). Uncertainties for 
cumulative frequencies (both [8] and this work) are on 
the order of 20 - 30%, translating into model age un- 
certainties of 0.03 - 0.06 Gyr ([8], and this work). 


Mercury impact cratering chronology model 



Figure 1: Mercury’s impact cratering chronology 
model [1], applied to the time-stratigraphic system by 
[4]. Age boundaries for the Mansurian and Kuiperian 
periods based on age estimations [4] (see also Tab. 1). 
Lower boundaries for Tolstojan and Calorian periods 
determined from crater size-frequency measurements 
by [8], with application of the refined production func- 
tion and the corresponding cratering model ages from 
the model function discussed in [1]. 
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DISK-RESOLVED MULTICOLOR PHOTOMETRY AND SPECTROSCOPY OF MERCURY. J. Warell, Institutionen for 
Astronomi och Rymdfysik, Uppsala Univeritet, Box 515, SE-751 20 Uppsala, Sweden , (johan.warell@astro.uu.se). 


Multicolor photometric observations of the poorly known 
(in terms of Mariner 10 coverage) hemisphere of Mercury have 
been performed with the Swedish Vacuum Solar Telescope 
(SVST) on La Palma at maximal elongations from the Sun 
in 1997 and 1998. The photometry was obtained in twilight 
and calibrated with standard star observations made shortly 
following the Mercury observations. The work is based on 
a subset, in the longitude range 160-310 degrees, of high- 
resolution CCD image data covering the global surface of 
Mercury obtained by Warell and Limaye [1]. 

The disk-integrated spectrum of Mercury displays a linear 
slope from 650 to 940 nm with the same reddening (M7% 
/ 1000 A) as the CCD spectrum by Vilas [2]. The slopes of 
these two spectra are larger than previously published spec- 
trophotometry, and indicate that the average Hermean regoiith 
is considerably more mature than lunar anorthosite regions. 
The spectrophotometry presented here provides negative ev- 
idence for the presence of the putative absorption feature at 
930 nm due to presence of Fe 2+ in pyroxenes, though a band 
depth of 4% is possible within the photometric error budget. 
No effect of phase reddening is observed between phase angles 
of 63° and 84°. 

Multicolor photometry of resolved bright and dark albedo 
features on the Hermean disk shows a variation in spectral 
slopes for these features which is smaller than that from lab- 
oratory bidirectional reflectance spectra of lunar maria and 
highland soils for the same geometries. This indicates that the 
scattering properties are more homogeneous for Mercury and 
that there is no clear relation between reflectivity and chemical 
properties at spatial scales of ~3 00 km on the poorly known 
hemisphere. 

There is an inverse relation of spectral slope with emission 
angle for Hermean albedo features; i.e, the spectral slope 
increases as the terminator is approached. The relation is the 


same for the brightest and darkest features . This property of the 
Hermean regoiith is most similar to that of Apollo 14 mature 
highland bulk surface soil. The inclination of the spectral 
slope-emission angle relation is larger for Mercury than for 
the Moon, indicating that the average Hermean regoiith is 
more back-scattering and that this effect increases for longer 
wavelengths. 

Filter ratio images of the Hermean disk show that color 
variations are less than 2% with respect to the surroundings at 
a spatial scale of ~300 km. All slight color variations visible 
in the data are attributable to seeing effects and the spatial 
location of sampling CCD pixels with respect to the regoiith 
albedo pattern. 

Low resolution spectroscopic observations in the 5 000- 
1 1 000 A range were carried out with the 2.6-m Nordic Optical 
Telescope (NOT) in June 1999. The seeing ranged from 0.8 
to 1.3 arcseconds, allowing spectra from rather well-defined 
surface regions in the longitude range 200-300 degrees to be 
obtained. Very good correction for telluric absorptions has 
been possible thanks to extensive calibration observations. 

The increase in spectral slope with emission angle found 
by the disk-resolved spectrophotometry with the SVST is ver- 
ified with the NOT spectroscopy. The spectra are practically 
featureless and no obvious absorption bands are visible; there 
are however possible very broad and shallow absorption fea- 
tures shoreward of 6000 A and longward of 8500 A. The disk 
integrated spectral slope is somewhat smaller than that deter- 
mined from the SVST spectrophotometry. Further results of 
the current analysis of die NOT spectra will be presented. 

References: [1] Warell, J. and Limaye, S.S. (2001 ), ’’Prop- 
erties of the Hermean regoiith: I. Global regoiith albedo varia- 
tion at 200 km scale from multicolor CCD imaging”, Planetary 
and Space Science Special Mercury Issue (in press). [2] Vi- 
las, F. (1985), ’’Mercury: Absence of Crystalline Fe 2+ in the 
Regoiith”, Icarus 64, 133-138. 
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MERCURY-LIKE ORBITS: Warell, Karlsson and SkoglSv 
Repeating Trojan (#874.10 (I2.5.a)) 



time [yr] x10 4 


Figure 2: Example of an object repeatedly entering and exiting a Trojan horse-shoe orbit (at t-500-900, 1400-1900 years, etc.). 


From Mercury to Venus (#991.9 12.5.a-c and 14.2) 



Figure 3: Object in transit from the Mercury to the Venus dominated regime via the secular 1/2 resonance (the value of a for Venus 
is 0.723 AU). 
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We have performed a series of n-body numerical inte- 
grations of particles in heliocentric orbits which are closely 
similar to that of Mercury (in a, e and t)- The calculations 
have been performed with the 15th order integrator RADAU 
[1] with a variable step size, including the perturbations of the 
eight major planets. The purpose of the study was to determine 
the dynamics of objects near Mercury's heliocentric distance, 
the possibility of temporary captures by Mercury, routes of 
transfer of Near Earth Objects (NEO:s) within the inner solar 
system, and the effect of resonances in this region. 

After an initial integration to determine what types of or- 
bital elements are susceptible to close encounters with Mer- 
cury, a total of 1 0 000 objects were integrated for 15 000 years. 
From this sample, 675 objects were selected which spent a 
minimum of 10 days within the Hill radius of Mercury (at a 
Hermeocentric radius of about 200 500 km) during at least one 
approach, and an integration of 100000 years was performed. 
A subset of 17 objects whose approaches were extraordinarily 
long or numerous was then selected and integrated f or 1200 
years, to study the dynamics of the encounters in detail. Two 
follow-up integrations lasting 10 s years were finally made to 
study objects whose secular evolution in a and e caused long- 
term excursions from the Mercury zone, and those objects 
whose orbits were found to be Hermeocentric for extended 
periods of time. 

We find that (1) there exists retrograde Hermeocentric or- 
bits which are stable for at least 100000 years (Hermeocentric 
elements around apj = 111 000 Ian, epj = 0.38 with anoma- 
listic periods = 16 days), thus numerically verifying the 
analytical work of Rawal [2]; (2) objects originally in closely 


x -jg- 3 Moon event (#769.8 13.1) 



Figure 1 : Example of an temporary satellite capture by Mer- 
cury. Arrows indicate direction of motion of particle. The Sun 
is on the negative x-axis, Mercury is at the origin. 


Hermean heliocentric orbits may secularly increase the semi- 
major axis due to numerous encounters with Mercury, followed 
by passages through the secular resonances with Venus [3, 
4] which increase the eccentricity to attain Venus crossing 
orbits (Fig. 3); this evolution forms a possible way of produc- 
ing NEO:s from orbits inferior to Earth’s; (3) objects may be 
repeatedly intermittently locked in the 1 : 1 mean motion reso- 
nance with Mercury and follow Trojan-like horse- shoe orbits 
for up to at least 23 000 years with periods of around 80 years 
in the Hermeocentric frame of motion (Fig. 2); (4) objects may 
be subject to temporary satellite captures by Mercury with or- 
bits within the Hill sphere for durations of at least 90 days 
(Fig. 1). 

Based on the estimated number of kilometer size Amor 
asteroids, as well as on Weidenschil ling’s [5] model of the 
solar nebula and the retainment of objects larger than 10 km 
within Mercury’s perihelion distance, we also estimate that the 
number of objects in Mercuiy-iike orbits existing today is less 
than I0“ 3 . 

References: [1] Everhart, E. (1985) in Dynamics of Co- 
mets: Their Origin and Evolution (eds . Carusi and Valsecchi), 
pp. 185-202. [2] Rawal, J.J. (1986) Earth, Moon, and Planets 
36, 135-138. [3] Michel, P. and Froeschl6, C. (1997), Icarus 
128, 230-240. [4] Michel, P. (1997), Icarus 129, 348-366. 
[5] Weidenschilling, S J. (1978), Icarus 35, 99-111. 
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Introduction: One of the most remarkable 
discoveries of the Mariner 10 mission to Mercury 
was the existence of hundreds of landforms described 
as lobate scarps [1, 2, 3]. Based on morphology and 
offsets in crater wall and floor materials, lobate 
scarps are interpreted to be the surface expression of 
thrust faulting [1, 2, 3, 4, 5]. The largest lobate scarp 
on the hemisphere imaged by Mariner 10 is 
Discovery Rupes. Located in the southern 
hemisphere, Discovery Rupes is over 500 km in 
length [1, 2]. New topographic data for Mercury, 
derived from digital stereoanalysis, using updated 
Mariner 10 camera orientations [6, 7], indicates that 
Discovery Rupes is up to -1.5 km high [4, 5]. These 
data are also providing the first quantitative 
measurements about the morphometry of Discovery 
Rupes. Using the new topographic data, it is possible 
to test the validity of kinematic models proposed for 
lobate scarps by mechanically modeling the long and 
short wavelength topography across Discovery 
Rupes. 

Topography and Analysis: Topography of 
Discovery Rupes was obtained using an automated 
stereo matching process that finds corresponding 
points in stereo images using a correlation patch [cf. 
8]. A stereo intersection camera model is then used to 
find the closest point of intersection of matched 
points which specifies their location and elevation. 
The derived digital elevation model (DEM) has a grid 
spacing of 2 km/pixel (Figure 1) [also see 9, 10]. 

The greatest relief on Discovery Rupes occurs 
roughly midway long the length of the scarp (south of 
the 60-km-diameter Rameau crater, Figure 1). The 
average relief of the scarp in this area is about 1 .3 km 
(Figure 2) [4]. The new topographic data reveal a 
shallow trough roughly 100 km west of the base of 
the scarp (Figure 1). This trough is interpreted to be 
evidence of a trailing syncline and the distance 
between it and the surface break defines the cross- 
strike dimension of the upper plate of the Discovery 
Rupes thrust fault. 

Mechanical Model: The 3-D boundary element 
dislocation program Coulomb 2.0 was used to predict 
the surface displacements associated with the 
Discovery Rupes thrust fault. The dislocation method 
has been successfully applied to terrestrial faults [11, 
12] where the magnitude of offset along the fault is 
known and when the remote stress state or 


frictional/constitutive properties of the fault are 
unknown [13, 14]. The magnitude and sense of offset 
are specified along the fault, then the stresses and 
material displacements are completely determined 
using the stress functions for an elastic halfspace 
[15]. An acceptable match between the model and the 
topography constrains admissible values. We then 
calculate the displacement vectors to predict changes 
in topography due to the surface-breaking thrust fault 
beneath Discovery Rupes. 

Results and Implications: Iteratively adjusting 
the displacement D, fault dip 0, and depth of faulting 
T, good fits to the topography are obtained for a 
relatively narrow range of the fault parameters 
(Figure 2, 3). Depths of faulting T < 30 km and T > 
40 km (Figure 2) produce unacceptable fits to the 
topography. The best fits to the topography across 
Discovery Rupes are for a depth of faulting T = 35 to 
40 km, fault dip angle 0 = 30° to 35°, and D = 2.2 km 
(Figure 4). A tapered displacement distribution with 
minima at the fault tips is assumed based on 
examining the offset where the fault breaks the 
surface. Where the Discovery Rupes thrust fault cuts 
the floor of Rameau crater (Figure 1), there is no 
significant offset suggesting that the cumulative 
structural relief developed while the fault was blind 
and propagating up toward the surface. 

Our results suggest that the Discovery Rupes 
thrust fault cuts the mercurian crust to a depth of up 
to 40 km. There are examples of terrestrial thrust 
faults that cut to comparable depths. The Wind River 
thrust in the Rocky Mountain foreland in Wyoming 
extends to a depth of 36 km (with a uniform dip of 
30° to 35°) [16], cutting the entire elastic lithosphere 
T e . On Earth’s continents, T e typically coincides with 
the thickness of the seismogenic crust T s (ranging 
from -10-40 km), with T e often less than T s [17, 18]. 
On Mars, the Amenthes Rupes thrust fault extends to 
a depth comparable to estimates of T e for the 
highlands [19] (-20-30 km) [20, 21]. If the Discovery 
Rupes thrust fault extends to a depth of -40 km, it 
may cut the entire mercurian elastic and seismogenic 
lithosphere. An estimate of T e from depth of faulting 
provides insight into the thermal structure of the 
mercurian crust at the time the faults formed. The 
effective elastic thickness is though to be controlled 
by the depth of the 450° to 600°C isotherm below 
which the lithosphere is too weak to support long- 
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term stresses [17, 22]. Our results suggest a thermal 
gradient of ~8°K km 1 and a heat flux of -24 mW m' 2 
at the time Discovery Rupes formed. These estimates 
will be testable when MESSENGER [23] and Bepi 
Colombo returns new gravity and topographic data. 
References: [1] Strom R.G., Trask NJ. and Guest J.E. (1975) 
J. Ceophys . Res., 80, 2,478-2,507. [2] Cordell, B.M. and Strom 
R.G. (1977) Phys. Earth Planet . Inter., 15, 146-155. [3] 
Melosh HJ. and McKinnon W.B. (1988) in Mercury, 374-400. 
[ 4 ] Watters T.R., Robinson M.S. and Cook A.C. (1998) 
Geology, 26, 991-994. [5] Watters T.R., Robinson M.S. and 
Cook A.C. (2001) Planet. Space Sci. , in press. [6] Robinson, 
M.S., Davies, M.E., Colvin, T.R. and Edwards, K.E. (1999) /. 
Geophys. Res., 104, 30847-30852. [7] Robinson, M.S. and 
Lucey, P.G. (1997) Science, 275 , 197-200. [8] Day, T., Cook, 
A.C. and Muller, J.P. (1992) Intern. Arch. Photo. Rem. Sensing 
29, 801-808. [9] Wilkison, S.L., Robinson, M.S., Watters, T.R. 



Figure 1. Color-coded DEM generated using Mariner 10 stereo 
pair 27399 and 166613, overlaid on an image mosaic. The 
white line indicates the location of the topographic profile 
across Discovery Rupes (white arrows) shown in Figure 2 and 
3. The black arrow and dashed line shows the location of a 
shallow depression. Rameau crater is indicated by an R on the 
image. Elevations relative to 2439.0 km reference sphere. 



Figure 3. Comparison between predicted structural relief 
and a topographic profile across Discovery Rupes. Fault- 
plane dip 0 is varied while the depth of faulting and 
displacement are constant. Profile location is shown in 
Figure 1. Vertical exaggeration is 30X. 
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Figure 2. Comparison between predicted structural relief 
and a topographic profile across Discovery Rupes. Depth of 
faulting T is varied while the fault-plane dip and 
displacement are constant. Profile location is shown in 
Figure 1 . Vertical exaggeration is 30X. 



Figure 4. Difference between topography and predicted 
structural relief for model runs shown in Figure 2. Plots 
indicate that the best fit is obtained for depth of faulting T = 
35-40 km. Vertical exaggeration is 30X. 
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Introduction: New camera positions and orienta- 
tion data [1] were used to create a new map of Mariner 
10 stereo coverage [2]. The automated digital stereo 
analysis provides continuous topographic data with 1-2 
km spatial resolution and 0.5 to 2 km vertical resolu- 
tion [2]. Wilkison et al. [3] reported an analysis of 
crater topography using this stereo data, examining the 
depth to diameter ratio (d/D) for immature and mature 
complex craters within a DEM (digital elevation 
model) of the Discovery Quadrangle. The d/D results 
[3] agree with those of Pike [4] for mature complex 
craters. However, the d/D results [3] for immature 
complex craters diverged from that of Pike [4]. Crater 
depth shallows as the immature complex craters ap- 
proached the pixel size of the stereo matching box, or 
“patch”, which was typically 5 to 12 pixels (in radius), 
with image resolution of 1-2 km. We hypothesized that 
the patch size used in matching the stereo images cre- 
ated a smoothing effect of the topography within the 
DEM. To determine how the patch size was affecting 
the topography of the DEM, we performed a series of 
simple tests. These tests allow us to realistically place 
bounds on the accuracy and precision of the Mariner 
10 DEMs. 

Background and Method: As part of the process 
of stereo image analysis, automated digital stereo 
matching finds corresponding points in image pairs. 
Patterns of pixels from a reference image are searched 
for within the accompanying stereo image. This auto- 
mated stereo matching process is performed by com- 
paring pixel patterns between the images within corre- 
lation windows, or patches. Typical correlation patch 
sizes range from 5 by 5 pixels [5,6,7] to 9 by 9 and 21 
by 21 pixels [8,9]. The matching program used with 
our study, the UCL “Gotcha” program, uses patch ra- 
dius sizes of 5-12 (11 by 11 to 25 by 25 pixels) 

mm 

Precision within the DEMs . To better understand 
the quality of the Mariner 10 DEMs and to determine if 
the DEMs provide repeatability of the low frequency 
topography (relative to the patch size), we produced 
DEMs resulting from varying the correlation patch 
sizes (patch sizes 5-12). Profiles across topography are 
plotted to show the variation within a given elevation 
with different correlation patch sizes. Figure 1 shows 
the DEM with the location of the topography profile. 
Figure 2 shows the topography across this region from 
the 27399/166613 stereo pair. Patch sizes 5 through 12 


are shown. Figure 2 indicates that the larger the patch 
size, the more smoothed the topography becomes; as 
the patch size increases, the area over which the aver- 
age is determined also increases. This observation ex- 
plains the trend that we observed with the d/D meas- 
urements [3]; the patch size created an artificial shal- 
lowing of crater depth. Table 1 shows d/D measure- 
ments from the profiles in Figure 2; the topography is 
smoothed and the d/D decrease with increased patch 
size. The increased noise with the smaller patch sizes is 
probably due to an artifact of the matching algorithm. 

Accuracy within the DEMs. The smoothing trend 
observed from varying the correlation patch size is an 
effect somewhat equivalent to performing a low-pass 
filter on DEM data with different sized boxfilters. We 
tested this comparison by applying a low-pass boxfilter 
(with varying box sizes of 5 by 5, 7 by 7, 9 by 9, 11 by 
11, 15 by 15, 21 by 21, and 35 by 35 pixels) to two 
DEMs. The Kilauea DEM from the Kilauea Compiled 
Volcanology Dataset, produced by JPL in 1992, has a 
resolution of 9.146 m/pixel. The Apollo 17 DEM was 
created from topographic data from the USGS 
1:50,000 scale map of the Taurus-Littrow Valley [12], 
with a resolution of 10 m/pixel. Topographic profiles 
were measured from each of the low-pass filtered 
DEMs (as shown in Figure 3 and 4). Both sets of topo- 
graphic profiles indicate the same trend; as the boxfil- 
ter size increases, smoothing of the topography in- 
creases (a larger boxfilter averages over a larger area). 
Measurements of d/D from both sets of profiles also 
show smoothing as box size increases. The smoothing 
of topography trend observed with the Mariner 10 data 
is also observed with these high quality “known” 
DEMs, indicating that the smoothing of topography is a 
real effect and not due to inaccuracy within the Mariner 
10 DEMs. 

Conclusions: Wo observed smoothing of topogra- 
phy with larger correlation patch sizes and “noise” with 
smaller correlation patch sizes. The low-pass boxfilter 
test on “known” DEMs indicate that the smoothing 
effect is real and not an artifact of the Mariner 10 ste- 
reo images. Future studies will include implementing 
different matching programs with different correlation 
patch sizes in the hope of decreasing the “noise” ob- 
served within the lower patch sizes, and examining 
specific craters on many DEMs with different patch 
sizes. 
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Figure 1. Color-coded digital elevation model gener- 
ated using Mariner 10 stereo pair 27399 and 166613 



[13]. The white line indicates the location of the topo- 
graphic profile shown in Figure 2. The elevations are 
relative to the 2439 km radius reference sphere. 


Table 1 . d/D ratios determined from the topographic 
profiles shown in Figure 2. The location of the crater is 


shown in Figure 1. 


Patch Size 


5 

0.0803 

6 

0.0800 

7 

0.0756 

8 

0.0636 

9 

0.0570 

10 

0.0481 

11 

0.0437 

12 

0.0382 


Figure 3. Comparison between topographic profiles 
taken from a DEM filtered with varyingly sized low- 
pass BoxBUers. Shown is a profile of topography meas- 
ured from a DEM from the Kilauea Volcanology Com- 
piled Dataset by JPL, 1992. Spatial resolution of the 
DEM is 9.146 m/pixel. 



Profile Length (m) 


Figure 2. Comparison between topographic profiles 
taken from DEMs generated with different correlation 



Profile Length (m) 

patch sizes. The profile location is shown in Figure 1 . 


Figure 4. Comparison between topographic profiles 
taken from a DEM filtered with varyingly sized low- 
pass boxfilters. Shown is a profile of topography meas- 
ured from a lunar crater (Mocr) from a DEM derived 
from the USGS 1:50,000 scale map of the Taurus- 
Littrow Valley [12]. Spatial resolution of the DEM is 
10 m/pixel. 
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HIGH DEFINITION IMAGING OF MERCURY’S SURFACE AND U j 

ATMOSPHERE. J. K. Wilson, M. Mendillo, and J. Baumgardner. 

High Definition Imaging (HDI) is a means of obtaining nearly diffraction-limited images 
of telescopic targets though a turbulent atmosphere without adaptive optics. The method 
involves taking thousands of high-speed (l/60th second) video images of an object, and 
then selecting the small fraction of those images which occurred during instances of 
“perfect seeing” to construct a final, high-resolution image. 

In 1998 we obtained nearly diffraction-limited images of Mercury’s surface using a 
digital imaging video system on the Mt. Wilson 1.5m telescope. These images reveal 
dark “mare-like” areas punctuated by brighter spots. In November of 2000 we tested our 
complete HDI system on Mercury, including an image slicer/spectrograph, using the 
2.1m telescope at McDonald Observatory. Our ultimate goal is to obtain high-resolution, 
monochromatic images of Mercury’s sodium atmosphere to better understand the surface 
distribution and variability of the atmospheric source mechanisms. 


5HS1U 


5 '?/ fcr-f! //*//?/ /A# j 

1 1 6 LPI Contribution No. 1097 


Photon- and electron-stimulated desorption of alkalis from model mineral surfaces: 

relation to Planetary atmospheres. 

B. V. Yakshinskiy and T. E. Madey 
Department of Physics and Astronomy, and Laboratory for Surface Modification 
Rutgers, The State University of New Jersey 

To investigate source mechanisms for the origin of Na and K in the tenuous 
atmospheres of the planet Mercury and the Moon, we are studying the photon - and 
electron - stimulated desorption (PSD and ESD) of alkali atoms from amorphous 
silicon dioxide films grown on a metal substrate . The ultrahigh vacuum 
measurement scheme for ESD and PSD of alkalis includes an efficient pulsed low- 
energy electron source, as well as mechanically-chopped UV light from a mercury 
arc source, a highly sensitive detector based on surface ionization, and the use of a 
time-of-flight technique. We find that bombardment of Na (K) covered silica 
surface by ultraviolet photons or by low energy electrons (E > 4 eV) causes 
desorption of supra-thermal Na and K atoms with velocity distribution peaks at 
1000 m/s and 650 m/s, respectively. These values are consistent with the “hot” 
components of the lunar and Mercurian atmospheres. The ESD yield demonstrates 
a resonance-like feature at ~1 1 eV and a shoulder at 25eV excitation energy (02s 
excitation). The mechanism of desorption is identified as an electronically excited 
charge-transfer from the silica substrate to neutralize the surface alkali ion, 
followed by desorption of the alkali atom [1]. These data strongly suggest that PSD 
by UV solar photons (E>4eV) is a dominant source process for Na and K in the 
tenuous lunar atmosphere. Although there are insufficient electrons in the solar 
wind to produce the observed lunar sodium atmosphere, there appear to be 
sufficient UV solar photons to maintain the atmosphere by desorbing Na from the 
surface. In the case of Mercury, where long- wavelength solar photons cause 
significant heating of the surface (-700K) at the sub solar point, thermal 
desorption of Na and K is believed to contribute to the tenuous atmosphere, but 
PSD is likely to play a major role in that case also. 


[1] B.V.Y. & T.E.M., Nature, vol. 400 , p. 642 (1999) 
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THE MERCURY PLASMA ENVIRONMENT: MHD PREDICTIONS AND MERCURY PICKUP IONS. J ’ 
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Abstract: The Mercury environment is dominated 
by two particle populations: the solar wind and ions 
originating from Mercury. The absence of any signifi- 
cant ionosphere and atmosphere creates a magneto- 
sphere that differs from the Earth’s and may affect the 
transfer of energy from the solar wind to magneto- 
spheric plasma. We use three-dimensional MHD simu- 
lations from Kabin et al. [1] to model fundamental 
magnetospheric processes in the planet’s vicinity. 

Due to its close vicinity to the Sun, the solar wind 
momentum flux is - 10 times larger than the momen- 
tum flux at Earth [see, e.g., Russell et al. [1988] [2]. At 
the same time, Mercury’s intrinsic magnetic field is 
relatively weak. Under normal solar wind conditions, 
this magnetic field is able to hold off the solar wind, 
preventing it from striking the planet’s surface. This is 
not always the case, however. For example, during fast 
coronal mass ejections the solar wind ram pressure can 
be sufficient to compress the magnetopause to the sur- 
face. This direct interaction gives rise to sputtered par- 
ticles that provide a direct probe of the surface compo- 
sition. Most of these particles are released in a neutral 
state and are eventually ionized. The resulting pickup 
ions move through Mercury’s magnetosphere. 

We apply the results of recently modeled three- 
dimensional MHD interactions of the solar wind and 
Mercury’s magnetosphere to predict the plasma and 
composition measurements on MESSENGER, a Mer- 
cury orbiter scheduled for launch in 2004. We then use 
this simulated MHD structure of the magnetosphere to 
record the trajectories of newly created magnetospheric 
and near-surface pickup ions. During certain parts of 
the MESSENGER orbit, these ions are observed during 
their first gyration. The observed particles therefore 
provide a good measure for the neutral particle envi- 
ronment near Mercury. During other, more distant parts 
of the MESSENGER orbit, the spatial distribution of 
particles depends on the large-scale structure of the 
Mercury magnetosphere. Detailed pickup ion meas- 
urements therefore provide direct information about the 
Mercury surface composition, and the structure of the 
Mercury magnetosphere. 

We will present the simulated trajectories and spa- 
tial distributions of these pickup ions, as well as predic- 
tions of particle fluxes measured by the Fast Imaging 
Plasma Spectrometer (FTPS), one of the mass 
spectrometers on board the MESSENGER spacecraft. 
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Figure 1: Simulated plasma measurements during 
one particular orbit of the MESSENGER space- 
craft in the Mercury Environment 
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